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Abstract

In the ever-evolving landscape of industrial automation, Programmable Logic Controllers (PLCs)
play a pivotal role in ensuring precise and efficient control over motion systems. This thesis
explores the development of motion control using Technology Objects in Siemens' Totally
Integrated Automation (TIA) Portal, offering a structured approach to modernizing automation
workflows through advanced motion programming techniques.

The study begins with an overview of PLCs, their historical evolution, hardware and software
structure, and their critical role in industrial automation. It then transitions to motion control
principles, detailing the various types of motion control strategies such as point-to-point
positioning, velocity control, electronic gearing, and CAM profiling. Siemens' motion control
technology is explored in-depth, focusing on the integration of servo drives, motion blocks, and
synchronization algorithms to enhance precision in automated systems.

A significant portion of the thesis is dedicated to the concept and implementation of mechanical
and virtual CAMs. Mechanical CAMs have long been used in automation to generate precise
motion sequences, and the shift to virtual CAMs—a software-driven alternative—allows for
enhanced flexibility, adaptability, and precision. The thesis presents mathematical formulations
for defining cam profiles, including displacement, velocity, and acceleration equations,
highlighting how these can be programmed into PLC systems for optimal performance.

The core contribution of this work is the practical implementation of motion control using the Cam
Handler in TIA Portal. The LCamHdI library, a Siemens library designed for handling complex
cam-based motion sequences, is examined in various industrial scenarios. This research illustrates
the configuration of cam disks in runtime, demonstrating how to transition from traditional cam-
based systems to fully digital motion control frameworks.

By leveraging Siemens’ S7-1500T PLCs, advanced motion control blocks, and HMI integration,
this thesis proposes a comprehensive methodology for achieving real-time, synchronized motion
control in industrial environments. The findings indicate that adopting virtual camming and
software-driven motion profiles significantly improves system adaptability, reduces mechanical
wear, and enhances precision in automation tasks.

The study concludes by exploring future advancements in PLC-based motion control, particularly
the integration of Industrial IoT (IIoT), Al-driven optimization, and edge computing. A key focus
is the role of virtual CAM profiles in achieving high-precision synchronization within industrial
automation systems. By leveraging software-driven motion sequencing, modern PLCs can
dynamically adjust cam profiles in real-time, enabling seamless coordination of multiple axes. This
approach enhances motion accuracy, system adaptability, and reduces mechanical dependencies,
paving the way for more efficient and scalable automation solutions. Ultimately, this thesis
provides a structured methodology for engineers and automation specialists to implement next
generation synchronized motion control using virtual CAM technology within the Siemens TIA
Portal framework.
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Introduction

Background

Industrial automation has transformed modern manufacturing, enhancing efficiency, accuracy, and
scalability across various industries. One of the key technologies driving automation is the
Programmable Logic Controller (PLC), which provides real-time control over industrial processes.
PLCs have evolved from basic relay-replacement devices to high-performance controllers capable
of handling complex motion control tasks. Motion control is critical in robotics, CNC machines,
conveyor systems, and packaging machinery, where precise movement coordination is essential
for achieving optimal performance.

Traditionally, motion control has relied on mechanical cam systems, which dictate predefined
motion sequences through physical components. While effective, mechanical cams have
significant limitations, including wear and tear, inflexibility in modifying motion profiles, and
difficulties in achieving high-speed synchronization. To address these challenges, software-based
motion control systems have been developed, allowing for virtual camming and dynamic profile
management using PLC programming. Siemens' Totally Integrated Automation (TIA) Portal
offers a robust platform for implementing such advancements, integrating motion control, Human-
Machine Interface (HMI), and real-time diagnostics into a single engineering environment.

Problem Statement and Motivation
The transition from mechanical cams to thesis in academic research.

This study aims to bridge this gap by providing a structured approach to motion control using
Technology Objects in TIA Portal, leveraging the LCamHdl Library for real-time cam profile
generation. The research is motivated by the need to optimize motion control processes, reduce
mechanical dependency, and enable adaptive and reconfigurable automation systems.

Objectives of the Study

This thesis focuses on developing and implementing motion control systems using Siemens TIA
Portal, with an emphasis on virtual camming and cam profile management. The primary objectives
are:

1. To analyze the evolution of PLCs and motion control in industrial automation, highlighting
their significance in modern manufacturing.

2. To explore different motion control techniques, including point-to-point motion, velocity
control, electronic gearing, and CAM profiling.

3. To develop mathematical models for cam motion, including displacement, velocity, and
acceleration calculations, and apply them in PLC-based systems.

4. To implement Siemens’ LCamHdl Library and Cam Handler in TIA Portal, demonstrating
how virtual camming can enhance automation.

1



5. To evaluate the benefits of software-driven motion control, such as improved precision,
reduced mechanical wear, and enhanced adaptability.

Scope of Research

The research encompasses both theoretical and practical aspects of motion control. The study is
divided into three main areas:

1. Theoretical Analysis — Covers the fundamentals of PLC-based motion control, the
principles of cam mechanisms, and the transition to virtual camming.

2. Mathematical Modeling — Provides a mathematical framework for motion profiles,
including cam displacement equations, velocity analysis, and acceleration calculations.

3. Practical Implementation — Demonstrates the real-world application of motion control
using Siemens TIA Portal, focusing on the LCamHdl Library and Cam Handler functions.

Thesis Structure
To provide a systematic analysis, the thesis is structured as follows:

e Chapter 1 introduces PLCs and motion control fundamentals, explaining various motion
strategies and their applications in industrial automation.

e Chapter 2 discusses mechanical and virtual cams, detailing their mathematical modeling,
advantages, and implementation challenges.

e Chapter 3: Software Architecture, Virtual Camming Implementation, and Analysis of
Motion Control. In this chapter focuses on software architecture, explaining how Siemens
TIA Portal supports motion control, cam profiles, and synchronization techniques. It also
presents the implementation of virtual camming using the LCamHdl Library,
demonstrating real-world case studies and practical applications. Finally, it analyzes the
results, challenges, and advantages of virtual camming while exploring future trends in
PLC-based motion control.

Significance of Study

The findings of this study contribute to the advancement of software-driven motion control,
providing a scalable and efficient alternative to traditional mechanical cams. By leveraging PLC
programming, mathematical modeling, and real-time motion synchronization, this research
enhances industrial automation processes and serves as a valuable reference for engineers and
automation specialists seeking to implement virtual camming solutions.



Chapter 1: The PLC

1.1 General Description

The PLC, or Programmable Logic Controller, is a specialized industrial processor designed for the
control of machinery and industrial operations. Their design employs modular components within
a singular device to automate bespoke control functions. It was created as a substitute for wired
logic and relay control panels. It is analogous to a computer outfitted with circuits or input/output
interfaces, capable of interfacing with devices such as buttons, sensors, drives, and various
electronic apparatus.

Figure 1 PLCs vs Microcontrollers [a], [b]

In contrast to standard personal computers, it is engineered for operation in industrial settings
characterized by elevated temperatures, high humidity, electrical interference, and vibrations.
The primary distinction between microcontrollers and other devices is the programming language
utilized. Microcontrollers are typically programmed using computer languages such as assembly
and C. Conversely, PLCs are programmed wusing specialized languages.
It might be asserted that this form of programming is more appropriate for integration into the
industrial automation industry than microcontrollers. The methodology for microcontrollers
resembles that of an electrical designer, whereas the approach for PLCs is more congruent with
that of an automation systems designer.

1.2 Origins of the PLC

Industrial automation commenced well in advance of the advent of PLCs. From the early 1900s
until its creation, the sole method for controlling machines was through intricate electromechanical
relay circuits. The objective was to autonomously and independently regulate the on/off states of
the different machine components.



This necessitated factories to utilize substantial cabinets filled with power relays.
With the expansion of industrial automation, contemporary companies required numerous motors
equipped with ON/OFF switches to operate machinery, necessitating precise wiring of all these
relays. PLCs were created to offer robust control as an electronic alternative to wired relay systems.
Dick Morley, recognized as "The Father of the PLC," initially conceived a programmable
controller designed to perform any activity. He compiled the proposal in January 1968. In
collaboration with his company's staff (Bedford and Associate), they developed a design for a unit
that would be modular and durable without interruptions. It was designated the 084, in reference
to their 84th project.

Figure 2 Dick Morely [c]

The advent of the first PLC in 1968 transformed the automation business. Simultaneously with
the 084, Bill Stone at GM Hydramatic, the automatic transmission division of General Motors,
encountered analogous challenges: reliability concerns and documentation for the machinery in
his facility. His idea suggested a solid-state controller as an electronic alternative to wired relay
systems.

Consequently, Morley asserts that he is not the originator of the PLC. Morley asserted: “The
moment for the programmable controller was opportune.” It emerged autonomously due to an
existing necessity, which was shared by others.

1.2.1 The Evolution of PLCs in Industrial Automation

PLCs were engineered for straightforward comprehension and utilization by plant engineers and
maintenance electricians, employing software known as Ladder Logic. Ladder Logic, a
programming language commonly employed in PLCs, utilizes ladder diagrams that mimic the rails
and rungs of conventional relay logic circuits.



Following the initial success with 084, Bedford and Associates rebranded as Modicon PLC, an
acronym for Modular Digital Controller. The Modicon 084 is recognized as the inaugural PLC.

Figure 3 Modicon 084 [d]

In subsequent decades, the PLC underwent significant evolution to accommodate diverse
situations and include cutting-edge technologies. The rise of competitors that established
analogous systems to Modicon necessitated fresh advancements. As a result, the creation of Allen-

Bradley's "Data Highway" and Modicon's "Modus" facilitated the sharing of information among
PLCs.

The increasing prevalence of PLCs necessitated a standardized programming language for
industrial automation, independent of suppliers, resulting in the establishment of the IEC 61131-3
standard by the International Electrotechnical Commission.

In the early 1990s, end users initiated specific requests. Plant managers desired the new machinery
to be equipped with industrial terminals including PLC monitoring software. They sought
equipment capable of diagnosing issues for technicians, so eliminating the need for extensive
troubleshooting; this resulted in the creation of the programmable human-machine interface
(HMI). Subsequently, progressively sophisticated and high-performance PLCs were developed,
capable of integrating with a diverse array of contemporary devices.
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1.3 Hardware and Software Structure

The PLC structure comprises two components:

e Hardware, which encompasses the processor, memory, electronic circuits, and auxiliary

elements.

e Software comprises the instructions that constitute the user program according to

specified needs. [3]

HARDWARE

Switches
Push Buttons
Light Sensors
Limit Switches SOFTWARE
Pressure Sensors
Proximity Sensors
Temperature Sensors

Machine, Plant, Process

Figure 4 Hardware and software scheme of the PLC

The primary components constituting a PLC are:

PLC

Lamps
Display
Heaters

Contactors
Electromagnets
Solenoid Valves

CPU (Central Processing Unit): This is the core component of the PLC, responsible for executing
the program and performing logical and arithmetic computations. It engages with memory and

input/output peripherals.

Electrical Source: This specifies the standard voltage values, typically 230 Vac and 24 Vdc.

INPUT Unit: These may be classified as either analog or digital, contingent upon the nature of

the transmission. Digital inputs are signals originating from contacts, buttons, thermostats, etc.,
and generally exhibit a voltage of 0 in the low state and +24V in the high state. Analog inputs are
signals derived from pressure, temperature, humidity, flow transducers, chemical analyzers, and
other devices that transform the physical quantity under examination into a corresponding signal

in current (usually 4-20 mA) or voltage (0-10V).



OUTPUT Unit: These may be either analog or digital. Digital outputs are the signals through
which the PLC regulates actuators, including motors, solenoid valves, indicators, and other
circuits, via auxiliary relays and/or contactors. Analog outputs are signals utilized to operate
proportional valves, signaling instruments, recorders, motor speed regulators, and other control
devices.

Communication units enable the PLC to transmit data to computers, other PLCs, and various
devices. The connection is established using standard connection types, including RS232,
RS422/RS485, and  Ethernet  ports  with ~ R545 or MIl2 connections.
Communication occurs through conventional protocols, such as PROFIBUS, TCP/IP, and
PROFINET.

PROFINET is a communication protocol facilitating data interchange between controllers and
devices, capable of functioning in challenging industrial settings while delivering the speed and
accuracy necessary for production facilities. PROFINET employs TCP/IP (or UDP/IP)
connections for non-time-critical operations, including configuration, parameterization, and
diagnostics, to guarantee optimal performance.
The connection's performance guarantees rapid and deterministic communication for demanding
applications requiring real-time capabilities, with cycle times ranging from 512 ms to 250 ps. A
PROFINET RT Ethernet frame has Ether Type: 0x8892. Upon reaching the destination node, the
frame is transmitted directly from Ethernet to the PROFINET application. The frame bypasses the
TCP/IP layers and eliminates the variable processing time required. Consequently, the velocity
and predictability of communication enhance markedly.

Cn000
EBGE

Motion Control

Hggg i
Figure 5 Example of the PROFINET connections [e]

Topology: PROFINET imposes no limits on topology. The user can execute line, star, tree, or ring
arrangements. All nodes utilized must be interconnected inside the same network domain or



region, as seen in the preceding image. Connection to additional PROFINET or Ethernet nodes is
also feasible.

1.4 Operating Principle

The operational principle of the PLC can be encapsulated in the following schematic
representation. The programmable controller interprets input signal values from field sensors,
processes them, and, according to the user program stored in its memory, determines the control
of the outputs. [15]
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Figure 6 PLC operation diagram




The scan time, or scan cycle, for programs of moderate complexity typically ranges in the tens of
milliseconds.

1.5 PLCs Continue to Evolve

Programmable Logic Controllers (PLCs) represent a significant development in industrial
automation. These machines, which have replaced complex electromagnetic relays with a single
controller, are widely employed nowadays. In modern industrial facilities and manufacturing
plants, the PLC is the preferred technology over PCs. The design has advanced to improve
technological elements and performance while maintaining its unique characteristics to withstand
extreme temperatures, chemical agents, vibrations, and other conditions typical of an industrial
environment.|[1]

In conjunction with expansion and distribution, there is an increasing demand for proficient PLC
specialists for the installation, repair, and maintenance of systems.

The significant success of PLCs mostly stems from their swift program scanning abilities and the
ensuing response times to state alterations. This factor is essential, as functioning at a control
frequency exceeding that of the physical phenomenon being managed would produce robust,
secure, and efficient process management. Moreover, throughout the decision-making process,
reaction delays are not attributed to the PLC unit, as the CPU may cyclically scan the program at
a rate of around 10 milliseconds.

Significant attention must be focused on the safety element of sensor technology, which, owing to
these response times, may be easily integrated into the PLC with complete confidence of
performance. At now, no controllers exhibit this caliber of performance and accessibility.

In contrast, modern manufacturers provide increasingly advanced software that prioritizes user
experience, aimed at simplifying and improving programming, especially to maximize the
functionality of the PLC.

The distinguishing characteristic that makes PLCs exceptional, alongside their ability to integrate
various sensors and actuators, is their capacity to incorporate and implement libraries that facilitate
the creation of communication interfaces through standard protocols with devices of both similar
and different types. This potential must not be underestimated when faced with more demanding
needs that beyond the PLC's capabilities. The PLC will function as a sampler and transmitter of
data from a sensor to the database, thereby allowing a computer to execute the processing.

1.6 Siemens and its PLC Activities

Siemens is an international technology leader specializing in industrial automation, energy, and

digitalization solutions. Siemens is renowned for its Programmable Logic Controllers (PLCs),

essential for industrial automation. Siemens provides an extensive array of PLCs under the

SIMATIC brand, which has gained widespread acceptance in diverse sectors including industrial,
9



automotive, pharmaceuticals, and energy. These PLCs are employed to regulate machinery and
automate industrial operations, thereby improving efficiency, dependability, and scalability.

1.6.1 Key Siemens PLC Series

SIMATIC S7-200: This is a compact programmable logic controller utilized for minor automation
tasks. It is recognized for its straightforward installation and programming, while providing
adaptability for fundamental applications. [11]

SIMATIC S7-300: A prevalent mid-range PLC, delivering robust performance for medium-scale
automation applications. It is scalable and modular, rendering it suitable for expanding systems.

SIMATIC S7-400: This advanced PLC is engineered for intricate and extensive automation
applications. It is appropriate for operations necessitating high reliability, such as power generation
facilities or extensive industrial complexes.

SIMATIC S7-1200: A contemporary generation of compact and economical PLCs, engineered for
straightforward yet highly adaptable automation functions. It is frequently utilized for industrial
automation, limited production lines, and facility management.

SIMATIC S7-1500: Siemens' premier PLC, providing exceptional speed, integrated safety, and
security functionalities. It is optimal for applications necessitating intricate and rapid control
operations, such as robotics or advanced manufacturing processes.

We shall examine them in depth in section 1.8.2.

1.6.2 TIA Portal

Siemens created the Totally Integrated Automation (TIA) Portal, an engineering framework that
consolidates all automation devices, encompassing PLCs, Human-Machine Interfaces (HMIs),
drives, and motion control systems. This enables customers to create, configure, and oversee their
complete automation system from a singular software platform.

Siemens PLC Applications

e Factory Automation: Regulating production lines, packaging systems, and material
handling processes.

e Process Automation: Employed in chemical plants, oil refineries, and power production
facilities for continuous process regulation.

¢ Building Automation: Management of heating, ventilation, and air conditioning (HVAC)
systems, illumination, and security systems in extensive edifices.

e Energy Management: Siemens PLCs are utilized to regulate energy usage and enhance
power output in facilities.

10



1.6.3 Innovation in Siemens PLC
Siemens perpetually innovates in automation by incorporating modern technologies such as:

e Industrial IoT (IloT): Enabling Siemens PLCs to link to cloud-based services for real-
time data collecting and predictive maintenance.

e Edge Computing: Siemens provides SIMATIC Edge devices that enable local data
processing at the machine level, therefore minimizing latency and enhancing decision-
making speed.

e Al and Machine Learning: Siemens is incorporating Al algorithms into its automation
systems to improve process optimization and efficiency.
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Figure 7 lloT and IoT differences [f]

1.7 Motion Controller

Motion control in PLC systems utilizes a PLC to regulate the movement and positioning of
machinery and equipment, prevalent in sectors such as manufacturing, robotics, packaging, and
automation. Motion control encompasses various essential elements to synchronize the movement
of mechanical components with accuracy and adaptability.

1.7.1 Components of Motion Control in Automation

e PLC: Functions as the central processor of the motion control system, implementing pre-
defined logic to regulate movement according to inputs and intended outputs. [6]

e Servo or Stepper Motors: These motors are frequently utilized in motion control
applications due to their capacity for exact regulation of speed, position, and torque.
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e Drive Units: Interfaces between the PLC and motors, translating signals from the PLC to
regulate the motor's functionality.

e Encoders and Feedback Devices: Deliver instantaneous feedback regarding the position,
velocity, and orientation of the motor, allowing the PLC to implement requisite
modifications.

e Communication Interfaces: Networks like EtherCAT and PROFINET facilitate rapid
communication among PLCs, drives, and motors.

Drive Units Convert
Signals

PLC Adjusts

PLC Executes Logic Commands

Communication
Interfaces Facilitate
Interaction

Motors Receive
Commands

Feedback Devices
Provide Data

Figure 8 Motion Control System Sequence

1.7.2 Types of Motion Control in PLC

Motion control in PLC systems is the exact regulation of mechanical movement, frequently
employing motors and actuators to attain specified locations, velocities, and accelerations. Below
are several prevalent categories of motion control utilized in PLCs:

Point-to-Point Positioning: Point-to-point motion control in PLCs is defined by its
straightforwardness and rapidity, as the axis transitions directly from one position to another
without necessitating intricate intermediate movements. This renders it optimal for applications
requiring only exact positioning, such as actuating valves or putting robotic arms at predetermined
locations. It is frequently utilized in robots for basic pick-and-place tasks and in conveyor systems
for the precise placing of products at designated locations along the line.

Linear and Circular Interpolation: Linear motion control in PLCs is used to move a component
along a straight line in a defined direction, offering precise control over its position, speed, and
acceleration throughout the entire travel. Unlike other methods, linear motion control ensures
continuous control, adjusting speed and position not only at the start and end points but throughout
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the motion. This type of control is crucial for applications such as CNC machines, where it governs
the movement of tools along straight paths, and automated test equipment, where components
move along linear rails in testing setups, ensuring accuracy and consistency in operation.

Velocity Control: Velocity control in PLCs pertains to the regulation of an axis's speed,
guaranteeing that the component operates at the specified rate. This motion control mechanism
enables the maintenance of a steady speed, or its adjustment based on sensor feedback or other
inputs. Velocity control is characterized by speed regulation, which maintains motion at a constant
or variable speed according to the application requirements. This control mechanism is frequently
employed in conveyor belts to sustain uniform speeds for product handling and in rotary motors
for applications necessitating certain rotational velocities, hence ensuring accurate and efficient
performance across diverse industrial environments.

CAM Profiling: The cam profile determines the motion of a follower axis. The cam profile is a
mathematical function or curve that delineates the movement of the follower in relation to the
rotation of the cam. In PLC-controlled systems, CAM profiling facilitates exact regulation of
movement velocity, acceleration, and deceleration, which is crucial for applications necessitating
intricate motion patterns, such as robotic arms or automated machines. The implementation of
CAM profiles facilitates the development of tailored movement patterns that enhance machine or
robot performance, providing seamless transitions and mitigating abrupt motions that may occur
with more rudimentary control techniques. Jerk denotes the rate of change of acceleration over
time. The third derivative of displacement, following velocity as the first derivative and
acceleration as the second derivative. Jerk is the abrupt variation in the acceleration of a moving
item, frequently characterized as a "shock" or "jolt" in machinery and mechanical systems.

Electronic Gearing: Electronic Gearing is a technique employed to synchronize the movement of
one or more axes with a reference axis (master axis) according to a specified gear ratio. This
technology utilizes electrical control through PLCs and drives instead of mechanical gears,
ensuring that the slave axis adheres to the master axis at a designated ratio, such as 2:1, 1:1, or any
customized ratio. This technique is frequently employed in applications where synchronized
movement between axes is essential, such as in robotic arms, CNC machines, and conveyor
systems. If the master axis moves one unit, the slave axis will move in accordance with the
predetermined gear ratio, facilitating smooth and synchronized motion without the intricacies or
wear linked to mechanical gearing.
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Figure 10 Motion Control in PLC Systems

1.7.3 Programming Motion Control in PLC

Programming motion control in a Programmable Logic Controller (PLC) necessitates a methodical
approach, commencing with the comprehension of motion control specifications, including the
required motion type (linear, rotational, or multi-axis), and the delineation of parameters such as
position, speed, acceleration, and motor classification (e.g., servo, stepper, AC, DC). The
subsequent phase involves choosing the suitable motion control technique, including position
control, velocity control, torque control, electronic gearing (for axis synchronization), PID control
(for exact regulation of position and speed while minimizing error), or CAM profiling (for intricate
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motion profiles). Upon establishing the system and hardware, including PLC configuration and
motion control modules, the motion parameters, such as target positions and speed regulation, are
delineated, along with safety constraints. PLCs frequently have specific motion control blocks
such as MC_MoveAbsolute, MC MoveRelative, and MC_Velocity, thereby streamlining the
programming of intricate motions. The PLC logic is programmed to execute control sequences,
manage errors, and process feedback from sensors or encoders. A Human-Machine Interface
(HMI) facilitates real-time monitoring and control of the motion system, enabling operators to
modify settings, assess performance, and diagnose issues. Testing, tuning, and performance
optimization are essential processes, encompassing the adjustment of parameters for seamless
functionality and the assurance of safety requirements. The program is ultimately evaluated under
real-world settings to confirm its proper functionality, enhancing system efficiency and
compliance.

1.7.4 Applications and Advantages of Motion Control in PLCs

Motion control in PLCs is essential for automating industrial processes, guaranteeing accurate
regulation of machine and system movements. In applications like as Pick and Place Automation,
PLCs orchestrate the movement of robotic arms on assembly lines, automating the activities of
selecting, positioning, and placing components with exceptional speed and precision. This
enhances efficiency and minimizes errors in production. In CNC machines, PLCs regulate multi-
axis motion during operations such as milling, turning, and cutting, guaranteeing that cutting tools
adhere to exact trajectories to attain superior machining quality. Conveyor systems utilize PLC-
based motion control to manage the velocity and placement of goods on manufacturing lines,
guaranteeing precise handling, sorting, and assembly of products. In packing machinery, PLCs
coordinate cutting, filling, and sealing processes, ensuring precision and efficiency to enhance
cycle times and minimize waste.

The benefits of PLC-based motion control are extensive. Scalability enables systems to seamlessly
incorporate additional axes or control points in response to evolving production requirements,
rendering them versatile and economically efficient over time. High-level control algorithms
guarantee precision and reproducibility, delivering accurate positioning and speed control for
uniform performance. The adaptability of PLC-based systems allows for programming across a
diverse spectrum of motion control applications, ranging from basic point-to-point movements to
intricate multi-axis coordination. Moreover, reliability is a significant advantage, as the durable
construction of PLCs guarantees effective operation under challenging industrial conditions, hence
minimizing downtime and maintenance expenses.
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1.7.5 Motion Control in TIA Portal

In Siemens TIA Portal, motion control denotes the amalgamation of motion control functionalities
with automation processes, facilitating accurate and synchronized regulation of industrial
machinery. TIA Portal is an all-encompassing engineering tool that facilitates the configuration,
programming, and monitoring of motion control systems inside a singular environment.[12]

Key features of motion control in TIA Portal include:

Servo Drives: TIA Portal facilitates the configuration and management of Siemens servo drives
(e.g., SINAMICS S120), utilized for precise motion control applications, delivering high-speed
and high-accuracy motor control.

Motion Control Blocks: TIA Portal offers pre-configured motion control blocks that facilitate
programming duties for regulating motor speed, position, and torque. These blocks are utilized in

conjunction with Siemens PLCs.

Synchronization: The program facilitates the synchronization of numerous axes, essential for
applications including multi-axis robotics, conveyor systems, and packing lines.

HMI Integration: TIA Portal facilitates seamless interaction with HMI systems, enabling
operators to monitor and control motion systems in real-time.

Simulation and Diagnostics: TIA Portal encompasses tools for modeling and diagnosing motion
control systems, enabling engineers to test and troubleshoot prior to implementation.

Utilizing TIA Portal, engineers can design, program, and commission comprehensive motion

control systems, guaranteeing smooth integration among the PLC, motor drives, sensors, and
additional components.

1.7.6 Motion Control Components

Motors:

Motors are apparatuses that transform electrical energy into mechanical motion. They constitute
the primary impetus for the majority of motion control systems. The choice of motor will vary
based on the application. Common categories encompass:

DC Motors: These motors deliver consistent speed and torque, making them prevalent in
applications requiring variable speed and exact control. The velocity of a DC motor is directly

proportional to the applied voltage, while torque is regulated by adjusting the current.

Advantages: Simple control, wide speed range, and constant torque.
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Disadvantages: Maintenance required due to brushes and commutators.

Stepper Motors: These motors are engineered for precise incremental movement, rendering them
suitable for applications necessitating exact positioning and consistency. Stepper motors operate
without the necessity of feedback mechanisms for position maintenance.

Advantages: High precision and control, no need for feedback.

Disadvantages: Limited torque at high speeds and less efficient.

AC Motors: AC motors are employed in numerous industrial applications. They transform
alternating electricity into mechanical motion and are classified into two primary categories:
synchronous and asynchronous (induction) motors.

Advantages: High power, efficiency, and ruggedness.

Disadvantages: Less precise control compared to DC motors without additional components (like
drives).

2. Drives:

A drive is an electronic system that controls the power sent to the motor. Drives regulate the
velocity, torque, and positioning of motors. Various drive types exist for distinct motor categories,
including:

Variable Frequency Drives (VFDs): These devices regulate the speed of AC motors by altering
the frequency of the supply current. Variable Frequency Drives (VFDs) modulate the voltage and
frequency supplied to the motor, hence altering the motor's speed and torque.

Advantages: Energy-efficient, smooth start and stop of motors, adjustable speed.

Disadvantages: Can be expensive, more complex to implement.

Figure 11 Drive [h]

17



Servo Drives: These devices regulate servo motors, ensuring accurate control of position, velocity,
and torque. Servo drives are frequently employed in high-performance applications, including
robots and CNC machinery.

Advantages: High accuracy and responsiveness, excellent for dynamic applications.

Disadvantages: More expensive, requires more complex setup.

Figure 12 Servo Drives [i]

3. Controllers

A controller serves as the central processing unit of the motion control system. It acquires signals
from sensors or operators, processes them, and subsequently transmits control commands to the
drives to modify the motor's behavior. The predominant sort of controller is a PLC (Programmable
Logic Controller); nevertheless, there are other motion controllers specifically engineered for
overseeing intricate motion activities.

PLC Controllers: PLCs are programmable devices that regulate the functioning of machines or
processes. They oversee inputs (e.g., from sensors) and, based on the programmed logic, generate
control commands for the drives.

Advantages: Flexible, easily reprogrammable, and can control multiple devices.

Disadvantages: May require additional components for advanced motion control.

4. Sensors:

Sensors are crucial for delivering feedback to the control system, enabling accurate monitoring of
the motor's performance. Typical sensor varieties employed in motion control systems comprise:

Encoders: Instruments that assess the position and velocity of a rotating entity, delivering feedback
for accurate regulation of the motor's location.
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Advantages: Provides high-accuracy feedback, suitable for both speed and position measurement.

Disadvantages: Can be sensitive to environmental factors like dust and temperature.

Figure 13 Sensors [j]

Tachometers: Measure the speed of rotation of a motor, providing feedback to the controller for
speed regulation.

Advantages: Accurate speed measurement, easy integration.
Disadvantages: Limited to speed measurement, not suitable for position feedback.

Load Cells: Measure the force or load applied to a system. They are useful for applications that
require monitoring force or weight.

Advantages: Can measure a wide range of forces, highly accurate.

Disadvantages: Can be sensitive to environmental conditions.

5. Servo Motor:

A servo motor is a motor that offers accurate control over angular position, velocity, and
acceleration. In contrast to stepper motors, servo motors are perpetually regulated by a feedback
mechanism that real-time adjusts the motor's position. Servo motors are employed in applications
necessitating exact motion control, including robots, CNC machinery, and camera systems.

Servo motors generally comprise a motor, a controller, and a feedback mechanism (such as an
encoder). The controller transmits commands to the motor according to the obtained feedback,

guaranteeing precise positioning. Servo motors are frequently categorized into:

AC Servo Motors: These motors operate on alternating current and are utilized for high-speed,
high-performance applications.

Advantages: High efficiency, high torque, and precise speed and position control.
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Disadvantages: Expensive, more complex control systems.

DC Servo Motors: These operate on direct current and are generally utilized in low-speed
situations necessitating precision control.

Advantages: Simple control and less expensive.

Disadvantages: Limited speed and torque.

6. Stepper Motor:

A stepper motor is an electric motor that operates in distinct increments instead of continuously.
Each step correlates with a certain angle of rotation, facilitating precise control over position,
velocity, and orientation. Stepper motors are frequently utilized in applications necessitating
precision positioning, including CNC machines, 3D printers, and robotics.

There are different types of stepper motors, including:

Permanent Magnet Stepper Motors (PM Stepper): These motors use permanent magnets in the
rotor. The stator’s magnetic field interacts with these magnets to produce motion.

Advantages: High torque at low speeds, simple construction, and cost-effective.
Disadvantages: Less efficiency at higher speeds and lower torque at high speeds.

Hybrid Stepper Motors: These are a combination of permanent magnet and variable reluctance
designs. They offer higher precision and better performance.

Advantages: Higher torque and resolution, better performance than PM stepper motors.
Disadvantages: More expensive and complex.

Variable Reluctance Stepper Motors (VR Stepper): These motors use a rotor made of soft iron and
operate on the principle of reluctance. They tend to have lower torque and are used in applications
requiring lower precision.

Advantages: Simple design and high speed.

Disadvantages: Low torque and lower precision.
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1.8 CPU Technologies in PLCs

The CPU (Central analyzing Unit) is the nucleus of every PLC system, tasked for analyzing
incoming signals, executing control algorithms, and interfacing with other devices. PLC CPUs
have seen substantial evolution, with contemporary technologies facilitating rapid processing, real-
time control, and enhanced connection. Let us examine the principal CPU technologies and
improvements in Programmable Logic Controllers (PLCs).

Key Aspects of CPU Technology in PLCs
1. Processing Power and Speed

Contemporary PLCs are progressively integrating multicore CPUs, facilitating concurrent
task execution. For example, one core may execute essential control logic, while another
oversees communication functions or background diagnostics. The CPUs also possess
elevated clock rates, typically ranging from hundreds of MHz to several GHz. This
facilitates expedited execution of control tasks and effective real-time processing.

2. Real-Time Processing

To satisfy the requirements for accurate timing and control, numerous PLCs employ Real-
Time Operating Systems (RTOS). These systems prioritize jobs, guaranteeing that essential
control operations are performed within designated time constraints. This is especially
significant in applications like motion control. Furthermore, contemporary PLC CPUs are
engineered to provide deterministic reactions, consistently processing signals and
executing instructions within predetermined timescales. This fosters system stability and
improves the reliability of high-speed automation.
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3. Memory and Data Handling

As PLCs engage in increasingly intricate processes and larger programs, their memory
requirements have grown. Contemporary PLCs possess enhanced RAM to optimize
program execution and Flash memory for the retention of programs and data. Moreover,
certain PLC CPUs now have data recording and historian functionalities, allowing the PLC
to archive and monitor previous data—essential for applications necessitating trend
analysis and performance evaluation.

4. Energy Efficiency

Energy efficiency is becoming progressively vital in contemporary distributed control
systems and Industrial Internet of Things (IloT)-enabled programmable logic controllers
(PLCs). Contemporary CPUs are engineered for reduced power consumption, hence
lowering energy expenses and diminishing heat production. This renders them ideal for
tiny and embedded applications where spatial constraints and heat regulation are
paramount.

Processing Power

Energy Efficiency and Speed

Emphasizes the
importance of low power
consumption and heat
management in PLCs.

Represents the enhanced
computational capabilities
and rapid task execution in
modern PLCs.

Real-Time
Processing
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management features for
complex operations.
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RTOS for timely and
deterministic control in
PLC applications.

Figure 15 CPU Technology in PLCs

1.8.1 Advanced CPU Technologies in Siemens PL.Cs

Siemens, a frontrunner in PLC manufacture, incorporates various modern CPU technologies in its
SIMATIC PLC line. This document provides an in-depth examination of Siemens' implementation
of CPU technologies across several PLC families.

1. SIMATIC S7-1200

22



o

Compact CPUs: The S7-1200 CPUs, engineered for smaller applications, are both
compact and powerful, featuring integrated communication functionalities such as
Ethernet for networked systems.

Optimized for Basic Automation Tasks: S7-1200 CPUs possess adequate
processing capability for applications such as modest machine control or
fundamental manufacturing, rendering them efficient and economical for minor
installations.
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Figure 16 Simatic S7 1200 and Mounting Positions [I]

2. SIMATIC S7-1500

o

High-Performance Multicore CPUs: S7-1500 PLCs are engineered for intricate
and rigorous applications, with multicore processors that facilitate the concurrent
execution of many tasks.

Integrated Motion Control and Safety Functions: The S7-1500 CPUs are
capable of managing standard control, motion control jobs, and fail-safe operations,
rendering them adaptable for automation in industries such as robotics, automotive,
and pharmaceuticals.

PROFINET and PROFIBUS Communication: Advanced S7-1500 CPUs
support both PROFINET and PROFIBUS, ensuring rapid and secure network
connectivity.

TIA Portal Integration: S7-1500 CPUs integrate effortlessly with the TIA Portal
engineering software, facilitating efficient programming, simulation, and
diagnostics.
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Figure 17 Simatic S7 1500 and Mounting Positions [m]

3. SIMATIC S7-400 and SIMATIC S7-410

o High-End CPUs for Process Automation: The S7-400 and S7-410 series CPUs are
designed for extensive process automation applications and has significant
processing power for intricate computations.

o Scalability and Redundancy: These CPUs can be designed for redundancy, offering
backup CPUs that immediately assume control in the event of a primary CPU failure,
hence ensuring reliability in essential applications such as power generation and
chemical processing.

o Advanced Networking and Communication: The S7-400/410 CPUs accommodate
many communication interfaces and protocols, enabling integration inside intricate
distributed control systems (DCS).

fi]

Figure 18 Simatic S7-400 [n]

1. SIMATIC ET 200 CPUs
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1. Distributed CPUs for Modular Systems: ET 200 CPUs are decentralized,
positioned in proximity to the machinery or equipment they govern, hence
minimizing cabling and installation expenses.

2. Powerful Yet Compact CPUs: Despite their compact dimensions, ET 200 CPUs
provide sophisticated functionalities such as real-time control, rendering them
optimal for modular or dispersed automation systems in sectors such as automotive
and food and beverage.

Figure 19 SIMATIC ET 200SP [o]

1.8.2 CPU Integration with Industrial IoT (IloT)

As industrial systems becoming more interconnected, PLC CPUs are progressively engineered to
accommodate IIoT capabilities: [18]

Edge Computing Capabilities: Certain Siemens PLCs, specifically within the S7-1500
and ET 200 series, provide edge computing capabilities, enabling the CPU to process data
locally, hence reducing latency and bandwidth consumption.

Data Analytics and Al: Siemens is developing CPUs that can execute fundamental
machine learning algorithms for real-time optimization, predictive maintenance, and
quality control, alongside the integration of IloT.

Cloud Connectivity: Siemens CPUs facilitate connectivity to cloud platforms such as
MindSphere, enabling the transmission of data from PLCs to the cloud for analysis and
long-term storage.
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1.8.3 Future Trends in PLC CPU Technologies

1. Enhanced AI Processing: CPUs with integrated Al capabilities will allow PLCs to
perform machine learning algorithms at the device level, resulting in more intelligent and
autonomous control systems.

2. 5G-Enabled PLCs: The implementation of 5G will enhance PLCs' communication
capabilities, facilitating increased real-time data transfer and system integration.

3. Quantum Computing Influence: Despite being in its nascent stage, quantum computing
has the potential to influence PLC CPU architecture by facilitating accelerated data
processing for very intricate control algorithms in the future.

26



Chapter 2: CAM

2.1 General Information

Mechanical CAMs are vital elements of mechanical systems, employed to transform rotational
motion into linear or intricate, regulated motion. They are frequently utilized in automation and
control systems, especially prior to the proliferation of electronic control systems such as PLCs.
Mechanical CAMs are essential in the design of diverse machinery that necessitates exact timing,
sequencing, or motion patterns. Let us examine the primary categories, applications, and
mathematical considerations associated with mechanical CAMs.

2.2 Basic Principles of Cam Mechanisms
At its core, a cam mechanism consists of two main parts:

1. Cam: The driver element with a specific shape or profile, which rotates or translates.
2. Follower (Slave): The driven element that moves in response to the cam's motion,
maintaining contact with the cam surface.

As the cam functions (rotates or translates), it conveys a predetermined motion to the follower.
The cam's profile form directly determines the follower's motion pattern, enabling precise control
over movement in mechanical systems.

TYPES OF CAM
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Figure 20 Different Types of CAMs [p]
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2.3 Types of Cams

Mechanical cams are available in diverse shapes and combinations, each tailored for particular
applications:

1.

Disk or Plate Cams: A disk cam, also known as a plate cam, is a cam mechanism featuring
a cam profile that is engraved onto a flat, circular disk affixed to a revolving shaft. The
disk's perimeter engages with a follower, transforming the cam's rotational motion into
linear or oscillatory motion of the follower.

Features:

o Shape: The cam profile is cut into a flat, circular plate.
o Rotational Motion: As the disk rotates around its shaft, it drives the follower in a
precise, repeatable path.

Applications:

e Automobile Engines: In valve timing mechanisms.
e Textile Machinery: For producing controlled movement in looms.
o Packaging Systems: For controlling repetitive movements of parts.

Disk cams are extensively utilized in equipment because they may generate diverse motion
profiles merely by altering the contour of the cam edge.

2. Cylindrical or Barrel Cams: A cylindrical cam, or barrel cam, is a cam type characterized

by a cam profile machined onto the surface of a cylindrical barrel. The follower traverses
the cylinder's perimeter, and when the cam rotates, it directs the follower to generate a
predetermined motion pattern.

Features:

e Profile on a Cylinder: The cam's profile is either a groove or an elevated ridge
encircling the cylinder's surface.

e Axial or Radial Movement: The follower can traverse either axially along the
cylinder's length or radially, contingent upon the cam configuration.

Applications:

e Automatic Machinery: To synchronize different machine parts.
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o Packaging Equipment: To control the timing and movement of various mechanical
components.
o Textile Machines: Used for guiding the threads in complex patterns.

Cylindrical cams are advantageous in scenarios requiring accurate and intricate motion profiles,
particularly when numerous followers must be simultaneously regulated.

3. Translating Cams: A translating cam is a cam mechanism that operates along a linear
(translational) trajectory instead of rotating. It transforms its linear motion into a regulated,
frequently reciprocating, movement of a follower.

Features:

e Linear Cam Movement: The cam moves back and forth in a straight line.
o Follower Response: The follower is situated to react to the cam's linear motion,
moving vertically or horizontally as the cam shifts.

Applications:

e Automated Systems: For controlled, precise linear movements.

e Pressing Mechanisms: In devices requiring repeated pressing or punching actions.

o Packaging Machines: To control linear displacement during processes like folding or
sealing.

Translating cams are optimal for situations necessitating simple, linear motion devoid of rotating
complexities.

4. Globoidal Cams: A global cam, or spherical cam, is a cam featuring a three-dimensional
curved surface, generally resembling a segment of a sphere. The follower traverses the
spherical surface, enabling a more intricate motion than that of flat or cylindrical cams.

Features:

o Spherical Profile: The cam profile is on a spherical surface, providing a non-linear
motion path.

e 3D Motion: The follower's movement is guided in a three-dimensional way, enabling
intricate control of the motion.

Applications:

29



e Complex Motion Control: In automation systems where movement in multiple planes
is needed.

e Robotic Arms: To precisely control the orientation and movement of robotic parts.

o Textile Machinery: For achieving non-standard or multi-directional movement
patterns.

Global cams are utilized in situations necessitating exact movement control in several directions,
rendering them advantageous in applications involving complex mechanical systems and
automation.

5. Wedge CAM: A wedge cam is a cam mechanism that employs a wedge-shaped cam to
transform linear motion into regulated follower movement. It is generally employed for
linear displacement rather than for rotational purposes.

Features:

e Linear Motion: The wedge cam moves in a straight line, causing the follower to rise
or fall based on the cam's shape.

o Follower Interaction: The follower is pushed by the cam’s inclined surface, which can
vary in angle for different motion profiles.

Applications:
o Pressing Mechanisms: For precise linear pressing actions.
e Automated Systems: To control the movement of machine components.

o Packaging Machinery: For controlling repetitive linear actions.

Wedge cams are optimal for applications necessitating exact linear movement, devoid of rotating
motion.

6. Spiral CAM: A spiral cam is a cam featuring a spiral-shaped profile intended to
transform rotational motion into linear displacement of a follower. The cam rotates,
causing the follower to traverse the spiral path, either advancing inward or outward based
on the rotation's direction.

Features:

o Spiral Profile: The cam's surface is designed in a spiral shape.
e Gradual Movement: The follower's movement along the spiral path is smooth and
continuous, providing gradual displacement.

Applications:
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o Indexing Mechanisms: For precise positioning of components in machinery.
e Clocks: Used in mechanisms to control gradual changes like winding.
o Automated Systems: To achieve variable displacement over a range of motion.

Spiral cams are especially advantageous in scenarios requiring a smooth, regulated linear motion
at various distances.

7. Heart-Shape CAMA heart-shaped cam, or heart cam, is a cam featuring a symmetrical,
heart-like contour designed to generate consistent motion in the follower. The cam's
configuration guarantees that the follower operates at a uniform velocity throughout both
the ascent and descent stages of the cam's cycle.

Features:

e Symmetrical Design: The heart shape provides uniform acceleration and deceleration,
resulting in smooth follower motion.

o Constant Velocity: The follower moves with constant velocity during the rotation of the
cam, making it predictable and steady.

Applications:

e Resetting Mechanisms: Often used in clocks to reset hands (e.g., a second-hand reset).

e Winding Mechanisms: In devices where even winding is required.

o Indexing Systems: For precise and smooth movement, typically where repeatability is
key.

Heart-shaped cams are ideal for applications necessitating repetitive, smooth, and predictable
motion, such as resetting or positioning systems.

8. Conjugate CAM: A conjugate cam is a cam system that employs two cam profiles
operating concurrently to regulate a single follower. This configuration ensures constant
engagement with the follower, facilitating seamless, backlash-free movement and
minimizing vibration, rendering it suitable for high-precision applications.

Features:

e Dual Cam Profile: Two cams interact with a single follower, usually positioned on
opposite sides.

e Constant Contact: The follower stays in continuous contact with at least one cam
surface, eliminating slack.
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e Precision Motion: The design allows for accurate, smooth acceleration and deceleration
without any lost motion.

Applications:

e Precision Machinery: For controlled, backlash-free movement in robotics or machine
tools.

o High-Speed Packaging Machines: Where reliable, synchronized movement is crucial.

e Printing Equipment: To control mechanisms that need to operate at precise intervals.

Conjugate cams are favored for applications necessitating reliable, precise, and repeated motion
control. Their dual-camera configuration improves stability and mitigates jerking, making it
suitable for delicate or high-velocity tasks.

2.4 Types of Followers

Followers are categorized based on their shape and the way they contact the cam:

TYPES OF FOLLOWERS
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Figure 21 Different Types of CAMs [q]

1. Flat-faced or Mushroom Follower: Has a flat or slightly curved surface in contact with
the cam, capable of handling higher loads.

2. Roller Follower: Equipped with a rolling element (roller) to reduce friction between the
cam and follower, ideal for high-speed applications.

3. Kbnife-edge Follower: Features a sharp edge that makes point contact with the cam. While
simple, it experiences high wear and is suitable for low-speed applications.

4. Spherical-faced Follower: The contact surface is spherical, which reduces edge stress and
is beneficial for accommodating minor misalignments.
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2.5 Motion Profiles

The cam's design determines the follower's motion, which can follow different profiles:

1. Uniform Motion (Constant Velocity): The follower moves at a steady speed, suitable for
simple mechanisms.

2. Uniform Acceleration and Deceleration: The follower accelerates uniformly to a
maximum speed and then decelerates uniformly, reducing shock and vibration.

3. Simple Harmonic Motion: The follower's motion follows a sinusoidal pattern, providing
smooth acceleration and deceleration, reducing wear.

4. Cycloidal Motion: The follower moves with cycloidal acceleration, minimizing jerk (the
rate of change of acceleration), which is ideal for high-speed machinery.

2.5.1 Applications for Mechanical Cams

Mechanical cams are essential in numerous industries because of their capacity to regulate precise
movements:

Mechanical cams are vital across various industries because they provide precise movement
control. Cams in camshafts regulate the opening and closing of engine valves in automotive
engines, essential for optimal engine timing and performance. Cams are utilized in industrial
machinery inside automated production lines to regulate the movement of components during
assembly, packing, and material handling operations. Textile machinery use cams to control the
movement of looms and knitting machines, overseeing thread tension and fabric designs. Early
timepieces utilized cams to control gear movement, so ensuring precise timekeeping. Moreover,
printing presses utilize cams to synchronize the motion of printing elements, guaranteeing accurate
ink distribution and paper advancement, hence preserving superior printing quality.

2.5.2 Design Considerations

Creating an efficient cam mechanism necessitates meticulous evaluation of various essential
elements. The design of the cam profile is crucial, as the cam's shape must be precisely engineered
to get the intended follower motion, frequently necessitating intricate calculations and the
application of computer-aided design (CAD) software. Follower displacement diagrams are
essential instruments that illustrate the follower's movement in relation to time or cam rotation
angle, facilitating the visualization and enhancement of motion profiles. The pressure angle,
defined as the angle between the follower's motion direction and the normal to the cam profile,
requires careful consideration; an elevated pressure angle may result in heightened side thrust and
possible jamming. Material selection is a crucial factor, since both cams and followers must be
constructed from resilient materials capable of enduring contact pressures and wear; typical
materials include hardened steel, alloys, and even ceramics for high-wear applications. Ultimately,
lubrication and wear are crucial for the durability of the mechanism, necessitating sufficient
lubrication to diminish friction and wear between the cam and follower surfaces. This may
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encompass characteristics such as oil channels or the incorporation of self-lubricating materials in
the design.

2.5.3 Historical Development
The concept of mechanical cams has evolved over centuries:

e Ancient Times: Early uses of cam-like mechanisms appeared in automata and water-
driven machines, such as those created by Greek engineers like Hero of Alexandria.

e Middle Ages: Cams were used in clock mechanisms and in devices like the mechanical
bell-striking mechanisms in cathedrals.

e Industrial Revolution: The proliferation of machinery increased the use of cams in
manufacturing equipment, textile machines, and engines.

e 20th Century: Advancements in materials and machining techniques allowed for more
precise cam designs, expanding their applications in various industries.

2.5.4 Advantages of Mechanical Cams

Mechanical cams provide numerous substantial benefits that render them essential in various
applications. Their primary advantage lies in their versatility, enabling the generation of diverse
motion profiles, ranging from simplistic to intricately complicated, contingent upon the design.
Precision is a further benefit, as cams provide precise regulation of the time and displacement of
the follower's movement, guaranteeing correct and consistent outcomes. Moreover, reliability
characterizes mechanical cams; when adequately maintained, they are durable and proficient in
functioning under many conditions, rendering them appropriate for rigorous industrial settings.

2.5.5 Disadvantages of Mechanical Cams

Notwithstanding their benefits, mechanical cams possess some significant drawbacks. Wear and
maintenance are critical issues, as the constant interaction between the cam and follower results in
gradual wear, requiring routine maintenance and possible component replacements to maintain
maximum performance. The complexity of design presents a significant drawback, as the creation
of cams for certain motion profiles can be intricate, necessitating thorough analysis and precise
production to fulfill the required parameters. Moreover, mechanical cams exhibit restricted
flexibility; once produced, altering their motion profile generally necessitates physical alterations
or whole replacement, rendering them less versatile than alternative systems.

2.5.6 Future Developments
Advancements continue to improve cam mechanisms: [17]

e Material Technology: The development of novel materials, including improved
composites and ceramics, seeks to diminish wear and prolong the lifespan of cams.

34



e Manufacturing Techniques: Precision machining and additive manufacturing (3D
printing) facilitate the creation of intricate cam geometries and expedite prototyping
processes.

o Integration with Electronics: The integration of mechanical cams with electronic controls
improves functionality, exemplified as variable valve timing systems in contemporary
engines.

e Software Modeling: Enhanced software tools provide more accurate simulation and
optimization of cam designs prior to actual manufacturing.

2.6 Mathematical Formulation
The mathematical representation of a mechanical cam pertains to the displacement, velocity, and
acceleration of the follower as it traverses the cam profile. This is generally expressed as a function

of the cam's rotational angle (or duration) for particular types of cams. Here is an analysis of these
formulations:

2.6.1 Displacement, Velocity, and Acceleration of the Follower
In any cam mechanism, the displacement (s), velocity (v), and acceleration (a) of the follower are
essential. Their characteristics are contingent upon the type of motion (uniform, parabolic, or

sinusoidal) and the cam profile.

o Displacement (s): Describes how far the follower moves based on the cam’s rotation angle
0 (measured in radians or degrees).

e Velocity (v): The rate of change of displacement with respect to 6

e Acceleration (a): The rate of change of velocity with respect to 6

2.6.2 Types of Follower Motion

Several types of motion are typically designed for a cam profile. Here are a few common
formulations:

a. Uniform Motion

For uniform motion, the displacement increases linearly with the cam angle 6:

h
s(@)=so+—=—-6
0;

where:

e Sp: Initial displacement.
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h: Total lift (distance moved by the follower).
e 0;: Total angle for the rise (angle through which the cam rotates during the rise phase).

e Velocity: v(8) = 9£
t

e Acceleration: a(8) = 0 (constant velocity implies zero acceleration).

b. Simple Harmonic Motion

Simple harmonic motion (SHM) is common for smooth follower motion. The displacement
equation is sinusoidal:

s(0) = sy + g(l — cos (n_H))

e Velocity: v(0) = 2%Tsin (ﬂ)
t

¢
. hm? o
e Acceleration: a(9) = g7 COS (—)
t

c. Parabolic (or Constant Acceleration) Motion
With parabolic motion, the acceleration is constant during the rise and fall:

h
s(@) = sy + 9—?92

for the rise, where so is the initial displacement. The downward or returning motion would have
similar equations with reversed direction.

o Velocity: v(0) = Z—’z‘e
t

e Acceleration: a(0) = Z—Z (constant)
t

2.6.3 Cam Profile for Radial (Disk) Cam

For a radial (or disk) cam, the profile is often derived from polar coordinates, with the cam surface
radius R(0) determining the follower's path:

R(0) = Ry +s(6)
e Ry: The base circle radius of the cam.

e s(0): The displacement of the follower as a function of 6
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2.7 Virtual CAM

A virtual cam profile denotes the digital simulation of a cam mechanism, enabling engineers and
designers to model, visualize, and evaluate the motion characteristics of a cam without real
components. This technology is especially advantageous in motion control applications, including
robots, CNC machines, and automated systems such as PLCs, where exact movement control is
crucial. A virtual cam profile is a computer-generated depiction of a cam mechanism that
delineates the correlation between the cam's rotation and the movement of its follower, dictating
how the follower moves in respect to the cam's rotation, which may be linear or rotational. 5 The
primary objective of utilizing a virtual cam profile is to build and evaluate cam systems in a risk-
free setting, enabling users to experiment with various cam shapes, profiles, and follower types to
attain specific motion characteristics.

2.7.1 Key Features

Essential attributes of virtual cam profiles encompass cam profile design, enabling users to
generate diverse cam profiles, including rise profiles (contouring the cam during the follower's lift
phase), dwell profiles (intervals when the follower remains stationary), and fall profiles
(contouring the cam during the follower's descent phase). [9] The simulation environment
incorporates virtual cam profiles into software for real-time motion analysis and collision
detection, ensuring that the follower does not obstruct other components. Moreover, virtual cam
profiles can be incorporated with control systems, such as PLCs, enabling users to define motion
sequences and simulate the cam's interaction with the system's controls. Parameterization allows
users to specify factors such as speed, acceleration, and timing to evaluate different operational
scenarios and analyze their impact on cam and follower movement.

2.7.2 Applications and Benefits of Virtual Cam Profiles

Virtual cam profiles are widely employed across many domains for their capacity to replicate and
enhance cam mechanisms inside a digital framework. In robotics, virtual cam profiles are crucial
for simulating and regulating the accurate movements of robotic arms. They facilitate the
development of intricate movement patterns, guaranteeing that the robotic system functions
seamlessly and effectively. In CNC machining, these profiles are essential for optimizing tool
paths, minimizing waste, and enhancing the precision of cutting tool movements, which is crucial
in precision production. In automated equipment, virtual cam profiles are employed to develop
and evaluate systems, guaranteeing that all components operate in synchrony and at precise
intervals to enhance system dependability and efficiency.

The advantages of virtual cam profiles are significant. The cost-effectiveness is a significant
benefit, since it diminishes the necessity for actual prototypes, save both time and materials during
the design process. Improved precision is a significant advantage, as virtual cam profiles offer a
precise modeling environment, guaranteeing that the cam system functions as designed prior to
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any actual execution. The adaptability of virtual cam profiles is a notable benefit, since they can
be readily altered, enabling designers to investigate multiple design possibilities and make
adjustments without incurring expensive physical modifications. Moreover, they facilitate
collaboration by offering a unified platform for engineers and designers to collaborate, test, and
validate various cam profiles, ultimately resulting in superior system designs.
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Figure 22 Virtual Camming [r]

2.8 Cam Handler

A Cam Handler is a control device or software application utilized in automation systems to
emulate the functions of mechanical cams. [8] It is mostly employed for managing motion control
and sequencing functions, guaranteeing accurate timing and coordination of machine elements.
Rather than depending on actual cams, which are mechanical devices with predetermined profiles,
a Cam Handler use digital or software-based setups to replicate these profiles, providing enhanced
flexibility and precision.

2.8.1 Core Functions of a Cam Handler

1. Simulating Cam Profiles:
o Substitutes actual cameras by generating a virtual representation (virtual cam as
previously said) of the motion or sequence profile.
o Profiles may be linear, sinusoidal, or custom-designed for specific applications.
2. Synchronization:
o Aligns motion or events with the position of a master axis (e.g., a rotary encoder or
motor shaft).
3. Dynamic Adjustment:

38



o Allows changes to the cam profile without the need for mechanical alterations,
enabling adaptability to varying operational conditions.

4. Multi-Axis Coordination:

o Synchronizes multiple axes of motion in complex machinery such as robotic arms,
CNC machines, or packaging systems.

5. Event Triggering:

o Triggers outputs (e.g., valve actuation, cutting tools) at predefined angular positions
or times.

2.8.2 Advantages of a Cam Handler

Flexibility: Modify cam profiles easily through software adjustments.

Precision: High accuracy in timing and synchronization, particularly in fast-paced
operations.

Cost-Effectiveness: Reduces the need for physical cam replacements and associated
downtime.

Compact Design: Eliminates bulky mechanical cam systems, saving space in machine
design.

2.8.3 Key Components of a Cam Handler System

1.

2.

3.

4.

Master Input Source:

o Typically, a rotary encoder or a servo motor provides positional feedback.
Cam Profile:

o A mathematical or graphical representation of the desired motion or sequence.
Control Logic:

o A PLC or motion controller executing the cam logic and controlling outputs.
Outputs:

o Actuators, motors, or other devices triggered based on the cam profile.

2.8.4 Applications of Cam Handlers

1.

2.

Packaging Industry:
o Synchronizing cutting, sealing, or labeling operations with conveyor movement.
Printing Machines:
o Timing rollers and cutters to ensure precise alignment.
CNC Machines:
o Coordinating spindle and feed rates for machining.
Robotics:
o Creating synchronized multi-axis motion for tasks like pick-and-place.
Textile Machines:
o Managing yarn feeding, weaving, or knitting operations.
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2.9 Cam Handler in the TIA portal

In Siemens TIA Portal, the Cam Handler, or Cam Control, is a specific function for managing and
regulating cam profiles in motion control applications. This feature is included in the sophisticated
motion control features offered by Siemens PLCs, specifically within the SIMATIC S7-1500 and
SIMATIC S7-1200 series that include integrated motion control capabilities. [4]

The Cam Handler in TIA Portal enables the definition of virtual cams, substituting physical cams,
and facilitates their synchronization with a master axis, usually a servo motor or encoder. This
facilitates accurate and customizable timing for motion-related activities.

2.9.1 Key Features of Cam Handler in TIA Portal

1.

Virtual Cam Profiles:
o Defining cam profiles digitally instead of relying on physical cams.
o Supports custom cam shapes for complex motion sequences.
Synchronization with Master Axis:
o The cam profile is synchronized with the master axis, ensuring precise timing and
motion coordination.
Dynamic Changes:
o Cam profiles can be modified in real-time during operation, offering flexibility to
adapt to changing conditions.
Multi-Axis Control:
o Used to synchronize multiple slave axes with the master axis for complex
machinery.
Integration in Motion Control:
o Fully integrated into the TIA Portal programming environment.
o Cam control logic is configured within motion control technology objects.

2.9.2 Steps to Set Up Cam Handler in TTA Portal

1.

Create a Technology Object:
o Add a motion control technology object (e.g., Cam Disk or Axis) to your project.
o In Siemens TIA Portal, creating a Technology Object is the first step in configuring
motion control functionalities, such as a Cam Handler or virtual cam profiles.
Technology Objects are pre-defined blocks used for controlling motion, such as
axes (linear or rotary), cam disks, or gear synchronization.
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2. Define Cam Profiles:
o Use the Cam Editor in TIA Portal to create or modify cam profiles.
o The cam profile maps the master axis position to the desired output (slave axis
position).
3. Configure Synchronization:
o Link the cam disk to the master axis.
o Define the start/stop conditions, synchronization position, and gearing ratios.
4. Program Logic:
o Use PLC instructions (e.g., MC_CamlIn or MC_CamOut) to engage or disengage
the cam profile during runtime.
5. Test and Monitor:
o Use TIA Portal's simulation tools or hardware diagnostics to test the cam handler’s
functionality.

In Chapter Three, you will find a comprehensive overview of the TIA Portal architecture.

2.9.3 Applications of Cam Handler in TTA Portal

1. Packaging Machines:

o Synchronize sealing, cutting, or labeling actions with conveyor movement.
2. Printing Presses:

o Align rollers and cutters for precise operation.
3. Food and Beverage:

o Coordinate filling, capping, or labeling processes.
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4. Robotics:

o Achieve complex, synchronized movements for pick-and-place tasks.
5. Textile Machinery:

o Control fabric feeding, weaving, or knitting like Lacing Machine.

2.9.4 Advantages in TIA Portal

o Integrated Environment: All motion control functionalities are within a single interface.
o Ease of Configuration: Graphical tools for cam profile editing simplify the setup. [14]
e Dynamic Flexibility: Real-time adjustments to cam profiles during operation.

2.10 LCamHdl Library

The LCamHdl Library is a software application offered by Siemens for the creation and
management of electronic cam profiles in motion control systems. It is explicitly engineered for
compatibility with the SIMATIC S7-1500T controller and is commonly utilized in camming
applications necessitating exact synchronization of the movements of one or more follower axes
with a master axis. This technology is optimal for intricate motion control applications, providing
a digital alternative for jobs that would conventionally depend on mechanical cams.

The principal purpose of the LCamHdl Library is to substitute mechanical cams with electronic
counterparts, governed by software. In contrast to conventional cams that possess a tangible form
and depend on direct interaction with followers, electronic cams utilize predetermined software to
regulate the movement of the follower axis. The software-driven cam profiles permit users to
modify essential motion parameters such as acceleration, velocity, and jerk (the rate of acceleration
change), facilitating smoother, more precise, and adaptive motion synchronization among axes.
This adaptability in software control facilitates real-time modifications during operation,
presenting a considerable benefit compared to rigid mechanical cams.

In motion control, a master-slave relationship is formed, wherein a master axis governs the
movement of one or several slave axes. The LCamHdl Library facilitates the formulation of motion
profiles for the slave axes, delineating their movement in relation to the master axis. These profiles
may include information about the velocity, location, and acceleration of the slave axes, and they
can be adjusted in real time, guaranteeing that the motion characteristics respond to fluctuating
variables such as differing loads or velocities. This adaptability is essential in domains such as
robotics, automated manufacturing, and CNC machines, where exact synchronization is necessary
for maximum performance.

A key element of the LCamHdI Library is its capability to regulate jerk, defined as the rate of

change of acceleration. By minimizing jerk, the system guarantees that transitions between various

phases of motion are fluid and progressive, thereby averting abrupt motions that may induce
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mechanical stress and deterioration on the system. This regulation of jerk, along with the capacity
to meticulously adjust additional motion parameters, markedly diminishes mechanical loads on
the components, resulting in reduced wear and extended operating lifespan.

The LCamHdl Library is especially advantageous in applications where accuracy and adaptability
are essential. In robotic systems, it guarantees the precise synchronization of several axes, which
is crucial for activities like robotic arms executing specified motion profiles. In automated
manufacturing processes such as packaging, labeling, or assembly lines, the library facilitates
precise control of many axes to guarantee that each operation is executed in the correct sequence,
hence enhancing overall process efficiency.

Furthermore, the LCamHdl Library improves performance by facilitating real-time modifications
of motion parameters. This capability is advantageous in systems that must function in fluctuating
conditions, as it enables rapid adaptation to changes without necessitating a total hardware
reconfiguration. Consequently, the system retains responsiveness and adaptability while ensuring
the requisite precision and efficiency.

In summary, the LCamHdl Library offers a modern, software-driven solution for motion control
applications that traditionally relied on mechanical cams. It offers considerable flexibility, accurate
synchronization, and less wear on the system, rendering it an optimal instrument for sectors
necessitating versatile and economical motion profiles. By substituting mechanical cams with
electronic control, the system enhances precision and performance, diminishes maintenance
requirements, and prolongs component lifespan.

2.10.1 LCamHdl Creation in the TIA

This section describes the LCamHdI block library. The block library provides authenticated code
with clearly delineated interfaces. They can provide a basis for the execution of the task entrusted
to you. A fundamental concern is to define:

* All blocks of the block library

* The implemented functionality through these blocks.

This guide outlines potential application fields and assists in integrating the library into your STEP
7 project with detailed, sequential steps.

Scope of application
* STEP 7 Professional V18
» Motion Control V8.0
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+ S7-1500T CPU as of firmware V3.1

2.10.2 Different user scenarios
Possible application(s) for the LCamHdl library

This application aids the user in customizing cam disks by applying motion laws. Cam disks are
electronic gears that enable non-linear transitions, transforming a constant driving motion into a
variable driving motion by the application of motion principles. Within the framework of the
SIMATIC S7-1500T, two approaches exist for the configuration of cam disks:

* At engineering in the TIA Portal with the help of the cam editor

* At runtime by definition of a cam profile

The present application is dedicated to the configuration of cam disks at runtime.

Cams are generally defined by polynomial (5th degree), linear, and stationary segments for
LCamHdl according to XY coordinates. The SIMATIC S7-1500T facilitates the creation of
complex cam disks with n profiles, comprising n+1 points and/or m distinct points in real-time.

You may autonomously choose the motion law for each distinct element in LCamHdl Advanced.

Position profile

120 4

Point®

Point0

Segment 8

100

Segment0

Segment 1

Point1

Figure 24 Cam disk consisting of several elements [s]

To define the cam segments all points and their dynamics (1st and 2nd geometric derivation) must
be specified.
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Figure 25 Derivation in the boundary points [s]

The following FB calculates the parameters for the segments of the technology object.

The following section shows scenarios for a possible application of the LCamHdI library:

Scenario 1

A completely specified cam disk must be generated during runtime. The points on the cam disk
and their corresponding dynamics are established. Transitions may be executed using straight lines
and fifth-degree polynomials, taking into account velocity and acceleration. Select the
LCamHdl CreateCamBasic function block to generate the cam disk. It facilitates the development
of cam disks utilizing interpolation algorithms up to fifth-degree polynomials.

Chan 1 |
@ Position speaticason |

Onlire position |

P M pn ¢

108 120 135 150 165 180 195 210 225 240 255 270 285 300 ns 330 345 360 7s 3%0 105 420 435 450

Figure 26 Cam disk with 8 points created by LCamHdl_CreateCamBasic [s]

45



<] = ¥ Camd_Basic Array[1..8] of "LCa...
°+ s ¥ Camd_Basic[1] “LCamHdI_typeBas...

< s leadingValue LReal 100.0

a = followingValue LReal 0.0

L] - velocityRatio LReal 1.0

Lo | - accelerationRa... LReal 0.0
O'T = ¥ Camd_Basic[2) “LCamHdI_typeBas...

-a - leadingValue LReal 200.0

a - followingvalue  LReal 100.0

< - velocityRatio LReal 1.0

< - accelerationRa... LReal t
€©—— - -~ comaBasicls]  "LcamHdl_typeBes..

<a B leadingvalue  LReal 250.0

< - followingvalue  LReal 100.0

< = velocityRatio LReal 0.0

< = accelerationRa... LReal 0.0
OT s ¥ Camd_Basicld] "LCamHdI_typeBas...

<a . leadingValue LReal 300.0

St | - followingValue LReal 100.0

< - velocityRatio LReal 0.0

< L] accelerationRa... LReal 0.0
GT: & ¥ Camd_Basic[S] l"LCadel_typeBas...

< - leadingValue LReal 350.0

a - followingvalue LReal 100.0

< - velocityRatio LReal -20

< B accelerationRa... LReal 0.

< s p Camd_Basic[6] “LCamHdI_typeBas...

< s p Camd_Basic|7] “LCamHdI_typeBas...

S | = » Camd_Basic|8] “LCamHdI_typeBas...

Figure 27 Configuration of cam with 8 points created by LCamHdl CreateCamBasic [s]
Scenario 2
The function block (FB) LCamHdl CreateCamAdvanced facilitates the integration of working
ranges and motion transitions into a singular cam disk at runtime. In contrast to directly assigning
the cam's data block, the FB can be utilized without prior calculation of the polynomial
coefficients. The cam profile configuration and geometric derivations are established in the actual
portion (e.g., velocity, acceleration, jerk). Various mathematical functions exist for motion
transitions, referred to as profile types. In addition to polynomials such as
* 3rd degree polynomial,
* 5th degree polynomial,
* 7th degree polynomial

Further profiles exist
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* straight line,

* quadratic parabola,

* basic sine,

* inclined sine,

» modified acceleration trapezoid,

» modified sine,

* sine-straight line-combination — velocity trapezoid,

* harmonic combination

Furthermore, it is feasible to move individual points, enabling the creation of cam disks with
composite ranges that incorporate transition functions and singular points.

Unlike the LCamHdl CreateCamBasic block, the LCamHdl_CreateCamAdvanced function block
operates on a segment basis. This facilitates intervals between segments and the utilization of the
points array within the cam technology item.

—  Position specification
== Position

Velodity
4+ Ageleration

20

<0

Figure 28 Cam disk with 4 segments created with LCamHdl CreateCamAdvanced [s]

Scenario 3

47



A cam disk based on interpolation points is to be created at runtime. Only the X and Y coordinates
of the interpolation points are known (X - master, Y - slave). You should choose the
LCamHdIl CreateCamBasedOnXYPoints function block. It eases the cam disk creation for cam
disks consisting of just interpolation points. The interpolation mode (linear / C splines / B splines)
can be defined via the TOCam DB - TO-Cam.InterpolationSettings.InterpolationMode.

1)
Chart 1
= Position specification
Online position
=== Position
ﬂ—h— 5 10 15 20 25 30 35 40 45 50 55 60 [ 70 7% 80 85 20 95 100%
Figure 29 Cam disk example (interpolation mode C splines) created by [29]
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Figure 31 LCamHdl CreateCamBasedOnXYPoints
2.10.3 The Differences Between order of Polynomials

The selection of a Sth-degree or 6th-degree polynomial for developing a cam profile in TIA Portal
is contingent upon the particular demands of your motion profile. Presented below is a
comprehensive comparison:

Sth-Degree Polynomial:

e Smoothness: A fifth-degree polynomial facilitates smooth transitions and is enough for
several applications where the primary objective is to maintain continuous motion without
abrupt alterations in acceleration.

e Computational Efficiency: It is less computationally demanding than a 6th-degree
polynomial, which might be advantageous for applications with resource limitations or
when a simpler model suffices.

e Use Case: If the transition between the start and end positions doesn’t require high
precision in terms of jerk control, a Sth-degree polynomial is often sufficient. It can handle
most basic motion profiles like acceleration and deceleration smoothly.

6th-Degree Polynomial:
o Higher Precision: A sixth-degree polynomial provides enhanced control over the jerk,

defined as the rate of change of acceleration. This elevated degree facilitates more seamless
transitions during acceleration phases, resulting in less mechanical stress on the system.
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Smoother Transitions: The primary benefit of employing a 6th-degree polynomial is its
capacity to provide a smoother motion profile, allowing for enhanced precision in
controlling acceleration and jerk. This is essential in applications necessitating precise
motion control, such as high-precision robotics or CNC machines.

Use Case: Employ a sixth-degree polynomial when enhanced precision and smoother
transitions are required, particularly if your system must reduce mechanical wear or
manage more intricate actions.

Conclusion:

For Standard Applications: If your motion profile does not necessitate exceptional
precision and smoothness, a fifth-degree polynomial will probably be adequate. It is
simpler to execute and requires less processing resources.

For High-Precision Applications: For applications requiring exceptionally smooth
transitions, enhanced precision, and reduced jerk in the motion profile, a 6th-degree
polynomial is the superior option.

The 6th-degree polynomial is advisable for systems necessitating more smoothness in transitions,
but the 5th-degree polynomial remains prevalent for less complex applications.

2.10.4 Comparison between the Function Blocks for CAM Creation

In TIA Portal, Siemens provides many function blocks for the development of cam profiles, each
possessing distinct features and applications. These function blocks enable the specification of the
temporal progression of the motion profile (cam profile). This is a comparison of
LCamHdl Advanced, LCamHdl BasedOnXYPoints, and LCamHdl Basic:

1. LCamHdl_Advanced:

Purpose: This function block is intended for intricate motion profiles necessitating
sophisticated configurations, encompassing enhanced control over acceleration, velocity,
and jerk. It accommodates multiple cam profile types (polynomial, sine, straight-line, etc.)
and permits meticulous control over the motion law.
Key Features:
o Permits polynomials of diverse degrees, including third, fifth, and seventh degrees.
o Enhanced precision for seamless transitions, including jerk regulation.
o Facilitates advanced interpolation techniques, including sine, linear, and
polynomial interpolation.
o  Offers more flexibility for specialized and intricate applications, particularly those
necessitating specific motion requirements (e.g., VDI 2143).
o  Optimal for applications such as robotic arms, CNC machines, and high-
precision tasks.
Use Case: Utilize LCamHdl Advanced for applications necessitating precise motion
control, particularly for seamless transitions between acceleration and deceleration phases.
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This is the optimal selection for rigorous, high-performance applications where regulation
of jerk and acceleration profiles is essential.

2. LCamHdl_BasedOnXYPoints:

Purpose: This function block is intended for scenarios where the cam profile is determined
by user-specified points (XY coordinates). The profile is constructed by supplying a series
of distinct points, and the system computes the transitions among them.

Key Features:

o Facilitates the specification of cam profiles according to designated XY coordinates
(position and corresponding output).

Appropriate for applications requiring precise specification of positions and transitions
between points.

Offers a configurable profile that allows greater flexibility for atypical motion
specifications.

This function block is more logical when interpolating between certain positions or
movement points.

Use Case: LCamHdl BasedOnXYPoints is optimal for defining a motion profile based on
designated positions and necessitating a tailored transition between them. For instance, it
would be advantageous in applications requiring unique trajectories or specific movement
sequences where precise coordinates must be adhered to.

3. LCamHdl_Basic:

Purpose: The LCamHdl Basic function block is designed for basic motion profiles. It
employs basic motion laws, such as trapezoidal profiles, and is more straightforward to
configure than the advanced block.

Key Features:

o Offers fundamental capabilities for generating cam profiles utilizing simplified motion
laws (e.g., trapezoidal, polynomial).
It is more intuitive and provides a swifter configuration than the advanced block.
More appropriate for less rigorous applications where intricate interpolation and jerk
control are unnecessary.

Use Case: Utilize the LCamHdl Basic function block for applications necessitating

uncomplicated motion profiles, such as basic conveyor systems, simple actuators, or
machinery where high precision or sophisticated motion laws are unnecessary.
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2.11 Motion Law

A motion law in motion control, as utilized in TIA Portal or other PLC-based systems, refers to a
mathematical function or a collection of rules that govern the changes in position, velocity,
acceleration, and jerk over time during an object's movement. The purpose of motion laws is to
ensure that the movement of mechanical systems is smooth, controlled, and precise. These laws
define the motion profile, which outlines the trajectory that the machine or actuator will follow.

Key Components of Motion Laws:
e Position (P): This is the displacement of the object in space. It is usually a function of time,

denoted as P(t), which tells us where the object is at any given moment.
e Velocity (V): This is the rate of change of position with respect to time. It is the first

derivative of position: V(t) = dl;—(tt)

e Acceleration (A): This is the rate of change of velocity with respect to time. It is the second
derivative of position: A(t) = d‘;—(tt)

e Jerk (J): This is the rate of change of acceleration, also known as the third derivative of
position: J(t) = d'z—(tt)

2.11.1 Common Types of Motion Laws

Constant Velocity: The velocity remains constant over time, indicating that the object travels at a
uniform speed without acceleration or fluctuation. This is a fundamental law of motion, commonly
applied to objects that require uniform velocity.

Trapezoidal Motion Law: This is frequently employed in motion control, wherein the object
accelerates from a stationary position to a specified speed (acceleration phase), maintains a
constant speed (constant velocity phase), and subsequently decelerates to a stop (deceleration
phase). It is frequently utilized in applications such as conveyor systems.

S-Curve Motion Law: The S-curve law guarantees that variations in acceleration (and jerk) occur
gradually, so averting abrupt jerks that may harm machinery. It is more intricate than the
trapezoidal motion law and is frequently employed when seamless transitions are necessary in
high-precision applications, such as robotic arms or CNC machines.

Polynomial Motion Law: In the context of TIA Portal, polynomials, specifically sixth-degree
polynomials, are employed to produce smooth curves for motion control. These are especially

beneficial when it is essential to regulate all four parameters — position, velocity, acceleration,
and jerk — during the entire action.

2.11.2 How Motion Laws Are Applied in TIA Portal
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In TIA Portal, motion laws are executed by cam profiles or motion control blocks, such as
LCamHdl. These blocks enable the user to specify the temporal evolution of motion, taking into
account the machine's kinematics and the intended motion attributes.

For instance, when a user configures a cam profile for a mechanical system:

e The user can specify the initial position, final position, initial velocity, final velocity, and
acceleration constraints.

e The software will subsequently compute the motion profile utilizing a polynomial
equation, guaranteeing a seamless and regulated transition between each phase
(acceleration, constant velocity, and deceleration).

e The PLC will implement these profiles in real-time, modifying the speed and location of
the machine's actuators in accordance with the motion law specified by the user.

2.11.3 Why Motion Laws Matter

The principles of motion are fundamental for attaining accurate, fluid, and foreseeable movements,
which are vital in automation, robotics, and several industrial applications. In their absence, motion
may become irregular, resulting in mechanical stress, vibrations, and inefficiency. Utilizing an S-
curve motion profile mitigates abrupt variations in acceleration that may harm delicate components
of machinery.

In summation, the laws of motion delineate the movement of an item over time, and within TIA
Portal, they are employed to produce and regulate these movements with accuracy, providing
seamless, efficient, and secure functioning in automated systems.

2.12 Lacing Machine

An industrial lacing machine is utilized to establish robust and secure connections among diverse
components by a lacing procedure, which entails threading a string, wire, or analogous material
through or around the elements to bind them collectively. This method is especially beneficial
when flexibility, strength, or stress absorption is necessary between components. In
electromechanical systems like electric motors and transformers, a lacing machine is essential for
securing the end turns of stator windings to guarantee their stability and electrical insulation, hence
improving the motor's durability. The traditional insertion method retains a portion of the winding,
referred to as the winding head, outside the groove, which is essential from a production
standpoint. The head is squeezed during the winding process and secured by cord or thread on
either side of the stator. Lacing prevents interference with the rotor and downstream processes by
avoiding cavities (a revolving disc close to a stationary disc creates a rotor-stator cavity or wheel
space), aiding in the maintenance of the stator's outer dimensions and promoting optimal heat
dissipation. In addition to electromechanical systems, lacing machines are extensively utilized in
sectors such as automotive, machinery, and manufacturing to secure components like belts and
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gears, hence assuring uniformity, precision, and efficiency in the assembly and reinforcement of
mechanical parts.

2.13 Rotor and Stator (Electromotors)

The rotor and stator are the two fundamental components in electric motors that collaborate to
generate mechanical motion.

2.13.1 Stator

The stator is the immobile component of an electric motor, usually constructed from steel
laminations to reduce energy losses caused by eddy currents. The primary function of the stator is

to produce a revolving magnetic field that produces a current in the rotor, so generating motion.

Key Components of the Stator

Core: The stator core comprises thin steel laminations assembled in layers. These
laminations minimize eddy current losses by confining the current flow to the direction of
the magnetic flux.

Windings: Copper or aluminum conductors are coiled around the stator core. The
windings conduct the current that produces the magnetic field in the stator.

Insulation: The windings are insulated to prevent short circuits and ensure safe operation.

Production of the Stator

1.

2.

3.

4.

Core Construction: Steel laminations are assembled and coiled into a cylindrical
configuration. The laminations are fabricated from sheets of electrical steel and are
frequently coated to mitigate losses caused by eddy currents.

Winding the Coils: The stator coils are fabricated manually or by automated machinery.
The wire is coiled around the slots in the stator core. A winding jig is frequently employed
for accuracy.

Insulation and Testing: The coils are insulated using materials such as varnish to
guarantee safety. Following insulation, the stator undergoes testing for short circuits or
open windings.

Assembly: Upon completion of winding, the stator is combined with bearings and
additional components, and the windings are linked to a terminal block for electrical
connections.
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Figure 32 Stator [t]

2.13.2 Rotor

The rotor constitutes the revolving component of an electric motor. It engages with the magnetic
field generated by the stator to produce motion.

Key Components of the Rotor

1. Core: Similar to the stator, the rotor core is generally constructed from laminated steel
sheets. The core is engineered to reduce energy losses and effectively transmit magnetic
flux.

2. Shaft: The rotor is affixed to a shaft that links the rotor to the load, facilitating the transfer
of motion.

3. Windings or Conductors: In certain motors, such as synchronous motors, the rotor is
equipped with windings or a squirrel-cage configuration that receives current through
induction from the stator's magnetic field.

4. End Rings (for Squirrel-Cage Rotor): The end rings link the bars of the rotor in a closed
circuit for squirrel-cage rotors.

Production of the Rotor
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1. Core Construction: Similar to the stator, the rotor core comprises laminated steel sheets
assembled in layers. In squirrel-cage rotors, the rotor bars are embedded within slots on the
rotor core.

2. Bar Insertion (for Squirrel-Cage Rotor): Copper or aluminum bars are embedded in the
slots of squirrel-cage rotors and linked to the end rings. In wound rotors, wire coils are
encircled around the rotor core.

3. Assembly: The rotor is affixed to the shaft, and requisite components such as bearings or
end caps are incorporated.

4. Testing: The rotor undergoes evaluation for both electrical and mechanical integrity. It
must be equilibrated to mitigate vibrations during operation.

Figure 33 Rotor [u]

2.13.3 How to Produce the Stator and Rotor

1. Material Selection: Select premium materials such as electrical steel for the stator and
rotor cores. This guarantees optimal performance by minimizing energy losses.

2. Core Lamination: The stator and rotor cores consist of thin sheets of electrical steel, which
are layered and laminated to minimize energy losses due to eddy currents.

3. Winding: Coils are wrapped around the stator core, while bars or coils are placed into the
rotor core.

4. Assembly: The stator and rotor are integrated into their designated housings. For the rotor,
this entails affixing it to a shaft, whereas for the stator, it involves securing it within the
motor frame.

5. Testing: Both components are subjected to a series of tests for insulation, performance,
and integrity. This may encompass resistance assessments, high-voltage evaluations, and
mechanical examinations.
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6. Final Assembly: Upon completion of testing, the stator and rotor are assembled into a fully
operational motor. This encompasses affixing the motor frame, bearings, and electrical
connections.

Figure 34 Rotor and Stator [v]

2.13.4 Why We Do Lacing in Stators

Lacing in stators is an essential procedure employed to stabilize the winding turns, hence
maintaining the motor's structural and electrical integrity. The lacing procedure entails securing
the terminal turns of the stator windings with a lacing rope, often composed of nylon, polyester,
or other robust materials. This facilitates the attainment of several objectives, both mechanical and
electrical. Primary Causes of Lacing in Stators:

1. Preventing Movement and Vibration:

o Lacing secures the stator windings, preventing movement or vibration during
operation. The absence of lacing may result in the winding's movement causing
deterioration, potentially leading to damage or premature failure.

o This is especially crucial in high-speed motors, as vibrations may adversely impact
on the motor's performance.

2. Enhancing Mechanical Stability:
o Lacing offers mechanical reinforcement to the stator windings, ensuring they are
securely held in position. It facilitates the appropriate spacing and alignment of the
winding turns, hence assuring excellent motor performance.
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It also offers resistance to mechanical forces that could otherwise deform the
windings.

3. Electrical Insulation:

(¢]

The lacing material can offer supplementary insulation to the windings, hence
mitigating the possibility of electrical shorts. This is essential for averting possible
harm to the engine resulting from electrical malfunction.

In motors, particularly in high-voltage or high-current applications, ensuring
adequate insulation between winding turns is crucial for the safety and durability of
the motor.

4. Improving the Durability of the Stator:

O

Lacing enhances the endurance and longevity of the stator by preventing the windings
from moving. The windings are less prone to deterioration or damage from
mechanical stress, hence decreasing the necessity for regular maintenance or
replacement.

5. Simplifying the Manufacturing Process:

Lacing facilitates more effective management and assembly in the motor
manufacturing process. It streamlines the winding process and guarantees that the
coil remains secured when other components, such as insulation or the rotor, are
incorporated.

6. Supporting the Coils During High Thermal Stresses:

(o]

During motor operation, stators may encounter elevated temperatures because of the
electrical current flowing through the windings. Lacing maintains the integrity of the
coils under thermal stress, reducing the likelihood of misalignment or damage from
thermal expansion.

7. Reducing Noise:

(0]

Loose windings or inadequately fastened coils may generate excess noise in the motor
because of vibrations. Lacing reduces this noise by securely maintaining the
windings.
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2.13.5 Lacing Materials
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Lacing materials are selected according to the motor's unique needs, encompassing the operating
environment, temperature properties, and anticipated mechanical load. Typical lacing materials

comprise:
o Nylon cord
o Polyester thread
O
@)

Kevlar (for high-strength applications)
Fiberglass or alternative heat-resistant materials for elevated temperature settings

2.13.6 Advantages of Lacing in Stators

1. Enhanced Reliability: Maintains the integrity and security of the windings, hence

enhancing the motor's reliability.
2. Cost-Effective: Lacing is a cost-effective method to enhance the efficiency and durability

of the stator without necessitating intricate or costly components.
3. Safety: Proper lacing guarantees the absence of loose windings that may result in short

circuits or other electrical complications, hence improving the motor's overall safety.
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Figure 36 Lacing Machine
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2.14 Flowchart for Automated System Operation
Figure 36 illustrates a flowchart delineating the operation of an automated system, encompassing

various operational stages such as Manual, Setup, and Automatic Modes, along with stipulations
for error management and system preparedness.
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Figure 37 Station's Operating Modes
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2.14.1 Explanation of the Flowchart (Operational Logic)
Power On

e The system starts when it is powered on.
Alarm Check

o Ifanalarm condition is detected (Alarm OK? — No), an alarm state is activated (red block).
e The user must reset the alarm and fix any errors before proceeding.

Mode Selection

e Ifno alarm is active, the user selects between Manual, Setup, or Automatic Mode.

Manual Mode (Left Branch - Blue Blocks)

o If Manual Mode is selected, the system enters Manual Active Mode.
e The system checks if it is at home or restart position.
o If not, a Homing Preselect function is activated.
o After homing, the system enters Homing Active Mode.
o Ifthe system is homed, it moves to Automatic Preselected Mode.
e Upon pressing Start, the system transitions to Automatic Active Mode.

Setup Mode (Middle Branch - Green Blocks)

o If Setup Mode is selected, a Setup Preselect function is activated.
o The user can choose different setup cycles, such as:

Maintenance Cycle

Dry Run

Step Mode

Single Group Mode

e If Dry Run is selected:

@)
@)
@)
@)

o The system enters Dry Run Selected State.
o Pressing Start initiates Dry Run Active Mode.
o If Maintenance is selected:
o Pressing Start activates Maintenance Active Mode.
o Once maintenance is completed, the system exits maintenance mode.
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Automatic Mode (Right Branch - Green Blocks)

o If the system is in position and all conditions are met, it enters Automatic Preselected
Mode.
e Pressing Start transitions the system to Automatic Active Mode.
e Ifaprocess is running, the system requests an End Cycle.
e The system:
o Waits for the final position.
o Check if the cycle is completed.
o Ifthe cycle is finished, the system can:
o Return home.
o Restart the process.

2.14.2 Key Takeaways

1. The system operates in three main states: Manual, Setup, and Automatic.
2. Error handling is done through an Alarm Check, requiring user intervention before
proceeding.
3. Homing is a prerequisite for automatic operation.
4. Setup Mode allows for:
o Dry Runs (testing without actual operation).
o Maintenance Cycles.
o Specific cycle executions.
5. Automatic Mode executes production cycles, verifies conditions, and ensures process
completion.

2.14.3 Importance in Automation

This type of flowchart is crucial in automation environments, such as Siemens TIA Portal for PLC
programming, ensuring:

e Structured machine control.

o Safe operational transitions.
o Efficient troubleshooting and execution of automated tasks.
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Chapter 3: Software Architecture

The arrangement illustrated in figure 38 of Siemens TIA Portal depicts a Dynamic CAM
Implementation project. The Project Tree (Left Panel) enumerates all devices and setups within
the project. The essential components comprise the Dynamic CAM Implementation [CPU 1516T-
3 PN/DP], serving as the primary PLC (S7-1500T) tasked with overseeing and regulating the
dynamic CAM logic, equipped with sophisticated motion control functionalities suitable for
synchronization operations. The HMI 15 UC (MTP1000 Unified Comfort) functions as a
Human-Machine Interface (HMI) panel for visualizing and engaging with the automation process,
enabling operators to oversee the system and implement real-time modifications. The Master
[S210 PN] and Slave [S210 PN] are SINAMICS S210 servo drives utilized for accurate motion
control, operating concurrently to guarantee coordinated mechanical movement. The "Ungrouped
Devices and Other Settings" section encompasses supplementary parameters, including
documentation settings, cross-device functionalities, language preferences, and version control
systems, to enhance project efficiency.

In the Network Configuration (Center Panel), all devices are interconnected by PN/IE 1
(PROFINET), a communication protocol that facilitates seamless data transfer. The CPU 1516T-
3 serves as the central controller, interfacing with the HMI Panel (MTP1000) for real-time
monitoring and control, and with the S210 Master and Slave Drives to implement dynamic motion
profiles. These drives are essential for accurate mechanical synchronization in applications
including cam control, rotary movements, or gear mechanisms.

The main objective of this Dynamic CAM Implementation configuration is for motion control
applications. The CPU 1516T-3 dynamically processes CAM profiles during runtime, enabling
real-time synchronization and adaption. The S210 Master and Slave drives guarantee precise
synchronization of mechanical movements, including cams and rotary systems, while the HMI
allows operators to oversee system performance and modify parameters without disrupting the
process.
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3.1 Different Parts of CPU

The Project Tree on the left area of TIA Portal is crucial for overseeing the Dynamic CAM
Implementation and offers a hierarchical representation of all components. This section offers
navigation options for comprehensive configuration, programming, and diagnostics of the PLC
and its associated components. The Device Configuration section enables users to provide
hardware settings for the CPU, encompassing communication interfaces, linked devices, and 1/0
modules, especially for configuring the CPU's motion control functionalities. The Online &
Diagnostics area provides tools for monitoring PLC status, troubleshooting, and testing dynamic
CAM profiles in real-time, facilitating the identification and resolution of motion synchronization
difficulties. In modularized projects, the Software Units section categorizes motion control
activities or CAM-related procedures into manageable software units. The Program Blocks portion
encompasses the PLC programming logic for conducting CAM activities, including the generation,
management, and dynamic modification of CAM profiles during runtime. The Technology Objects
section emphasizes motion control operations, including camming and gearing, facilitating axis
design, CAM profile definition, and synchronization of drives such as the S210 Master and Slave.
The External Source Files area oversees external CAM profiles or data files for incorporation into
motion control systems. The PLC Tags part enumerates all variables utilized in the project,
encompassing those pertinent to dynamic CAM operations such as axis locations, velocities, and
synchronization parameters, whereas the PLC Data Types section facilitates the definition of
unique data structures for the management of intricate CAM-related data. The Watch and Force
Tables provide the observation and alteration of PLC variables in real-time, essential for the
dynamic testing and optimization of CAM profiles. The Project Tree enables quick navigation
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among program logic, hardware configuration, and diagnostic tools, optimizing the setup and
maintenance of the dynamic CAM implementation. For instance, users may commence with
Device Configuration to establish hardware, progress to Technology Objects to delineate CAM
profiles, employ Program Blocks for programming dynamic modifications, and leverage Online
& Diagnostics alongside Watch Tables for runtime optimization. Moreover, ungrouped devices
such as the HMI (MTP1000 Unified Comfort), Master (S210 PN), and Slave (S210 PN) are
available via the Project Tree, enabling users to efficiently manage their setups and communication
with the CPU.
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3.2 Program Blocks

The Program Blocks component in the TIA Portal's Project Tree encompasses the logic and
directives for Dynamic CAM Implementation, delineating the behavior and functionality of the
automation system, including motion control, data management, and communication. This section,
00 Library, offers reusable code components or libraries applicable across various program
segments, categorized into components, encompassing preconfigured motion control modules or
reusable functions for CAM tasks; external sources, for storing external files or imported code
snippets; global, containing global variables or functions accessible throughout the program; and
utilities, which comprise helper functions or tools designed to streamline programming tasks. The
01 OBs (Organization Blocks) section is crucial to the program's functionality, highlighting the
Main [OB1], which acts as the principal organization block executing the primary cyclic logic and
invoking additional blocks or routines during execution. Supplementary organizational blocks
comprise MC-Interpolator [OB92], which is tasked with motion control interpolation for the
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computation and synchronization of CAM profiles or the management of multi-axis movements,
and MC-Servo [OB91], responsible for servo motion control tasks, guaranteeing the synchronized
operation of the S210 Master and Slave drives. The DBs (Data Blocks) segment offers organized
storage for variables, parameters, and dynamic data, while IDBs (Instance Data Blocks)
specifically retain motion control-related parameters, including axis locations, velocities, and
synchronization configurations. The 02 Station portion comprises 00 Global, which contains
global data structures or settings shared throughout the station's components, and
01 Cam_Implementation, which addresses parameters and logic pertinent to the dynamic CAM
implementation, encompassing CAM profiles and axis relationships. The 04 HM (HMI Data
Block) includes the DB ST1 _HMI [DB28600], which facilitates communication between the PLC
and the HMI (MTP1000 Unified Comfort), overseeing variables for system status display, operator
input reception, and real-time parameter modifications. The Program Blocks section is essential
for the dynamic CAM implementation, orchestrating the cyclic execution of tasks in Main [OB1],
overseeing real-time motion control via OB91 and OB92, managing data through structured DBs,
and facilitating seamless integration and communication among the PLC, HMI, and global
settings. Collectively, these program modules facilitate the system's efficient operation, ensuring
accurate motion control and real-time flexibility.
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3.3 Library

The Library part in the TIA Portal's Project Tree, particularly the 00 Library, functions as a
centralized repository for reusable components, facilitating modular programming and minimizing
development time. This collection is organized into multiple categories to optimize project
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management and improve efficiency. The Components category encompasses predefined modules
for diverse tasks, including Safety Components for overseeing interlocks and emergency stops,
and Standard Components, which contain blocks such as Analog Sensor for sensor data processing,
CamHandler for dynamic CAM profile management, Digital Sensor for digital inputs, Recipe for
parameter set management, Servo for servo motor control, and Valve for process automation. The
ExternalSources section incorporates external resources into the project, featuring subcategories
such as LGF, a proprietary library, and Siemens, which includes standard libraries given by
Siemens. The Global section categorizes reusable logic and data structures, encompassing
subcategories such as Alarms for system diagnostics, Graph for state machine logic, HardwareOk
for hardware status verification, Safety for global safety parameters, SCADA for Supervisory
Control and Data Acquisition integration, and Station for station-wide configurations. The Utilities
area offers crucial tools and services. The 00 Library guarantees consistency and adaptability
throughout the project by providing an extensive array of reusable tools, rendering it essential for
overseeing intricate jobs like the Dynamic CAM Implementation.
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3.4 Station - CAM FC& FB

A station denotes a specific functional unit or operational segment inside the automation process.
It oversees particular tasks, tracks statuses, and engages with the CAM system to facilitate
seamless operations. [16]

The "Station" networks (e.g., Network 1 to Network 10) depicted in the picture are chiefly focused
on overseeing and regulating the station's position within the larger system. This encompasses
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operational states (e.g., "Running," "Blocked," or "Home"), error management (e.g., "Alarms" and
"Custom Alarms"), and lifecycle regulation (e.g., "Restart" or "End Cycle Position").

3.4.1 Key Networks Related to Station:

1.

7.

8.

Network 1: Station Status - Custom Alarms
o Handles alarms specific to the station, allowing for custom configurations or
responses.
Network 2: Station Status - Alarm
o Indicates whether the station is in an alarm state, likely triggering predefined
actions or logging.
Network 3: Station Status - Home
o Represents whether the station is in its "home" or initial position, critical for
synchronization.
Network 5: Station Status - Restart
o Manages restarting procedures for the station, ensuring safe recovery.
Network 6: Station Status - Starved
o Indicates if the station lacks input or resources to continue operation.
Network 7: Station Status - Blocked
o Checks if the station's operations are blocked, possibly due to upstream or
downstream issues.
Network 8: Station Status - Running
o Shows whether the station is actively running its processes.
Network 10: Station Status - End Cycle Position
o Marks the completion of a cycle, ensuring readiness for the next task.

3.4.2 Interaction with CAM:

The station engages with CAM handler blocks (e.g., FC_ST1 CAM_IMPLEMENTATION) and
components like FB_STN CAMS to oversee certain CAM functions, including indexing,
configuration, and management. This guarantees accurate regulation of mechanical movements
and their coordination.
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3.5 Technology Objects

The Technology Objects segment inside the Project Tree emphasizes the management of motion
control components and dynamic entities essential for the Dynamic CAM Implementation. [10]
This section delineates and configures the fundamental components for accurate motion
synchronization and control. The specific CAM profiles, contained within data blocks (DBs)
designated Caml1 [DB40202] through Cam4 [DB40205], delineate the motion trajectories or
sequences for coordinated motion control. Each CAM item is associated with a distinct set of
motion characteristics, including angular locations, velocities, and synchronization criteria, which
are crucial for regulating the dynamic movement of servo motors and attaining accurate
synchronization between the Master and Slave axes. The CamHmi [DB40201] data block
facilitates the integration of CAM profiles with the Human-Machine Interface (HMI), enabling
operators to monitor, modify, and manage CAM-related parameters in real time via the HMI panel.
The TO Master [DB1], representing the Technology Object for the Master axis, establishes the
master reference for motion synchronization, which is adhered to by other components, including
Slave axes. It governs the principal motion source that propels the entire CAM system. Likewise,
the TO_Slave [DB2], the Technology Object for the Slave axis, synchronizes the motion of the
slave axis with that of the master, guaranteeing accurate and dynamic coordination between the
two axes for CAM-controlled operations. The VirtualMaster [DB3] serves as a Virtual Master axis
for simulation or scenarios lacking a physical master axis, hence facilitating the testing and
validation of motion control configurations without the need for physical hardware and allowing
for virtual commissioning. The Technology Objects area is essential for configuring and managing
motion control within the Dynamic CAM Implementation. Defining CAM profiles and technology
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objects for Master, Slave, and Virtual Master axes ensures perfect motion synchronization and
dynamic adjustments. The interaction with the HMI via the CamHmi object facilitates operator
control and real-time parameter adjustments. This framework improves the flexibility and
efficiency of the motion control system, facilitating smooth synchronization and responsiveness
to dynamic operating demands.
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3.6 Master

The Master [S210 PN] in this program is a SINAMICS S210 drive that functions as the principal
motion source, supplying the reference for all synchronized axes inside the dynamic CAM system.
It generates motion profiles that provide synchronized operation between the Master and Slave
axes. The Master parameterization encompasses the setup of a 1FK2102-0AG1x-xCxx servo
motor, which is outfitted with a DRIVE-CLiQ AS22 single-turn encoder for accurate positional
feedback and a standard holding brake to provide positional stability during inactivity. The motor's
specifications for optimal performance include a rated current of 0.75 Arms, a rated speed of 3000
rpm, a rated voltage of 58 Vrms, a rated power of 0.05 kW, and a rated torque of 0.16 Nm. Motion
and torque constraints are established to guarantee safe functionality, with a positive and negative
speed threshold of 8000 rpm and torque limitations restricted to 0.66 Nm. Environmental
parameters are taken into account, with the drive functioning at a line supply voltage of 400 V and
an ambient temperature of 40°C, while the default rotational orientation is configured to clockwise.
The Master, integrated into the system through the PROFINET network, communicates
effortlessly with the CPU and Slave drives, delivering real-time motion data for synchronization.
The Master, as the primary axis, guarantees accurate motion coordination inside the dynamic CAM
system, facilitating high-speed and flexible operations with unwavering accuracy.
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3.7 The Slave

The Slave [S210 PN] in this program is configured as a SINAMICS S210 drive, synced with the
Master axis to perform precise motion control in the Dynamic CAM Implementation. The
configuration emphasizes optimizing the drive's characteristics for dynamic and efficient
performance. Presented above is a comprehensive elucidation:

The Parameterization section offers a comprehensive configuration for the Slave [S210 PN],
commencing with the motor specifications. The motor employed is a 1IFK2102-0AG1xxCxx servo
motor, integrated with a DRIVE-CLiQ encoder AS22 (single-turn) for accurate feedback and a
standard holding brake to ensure positional stability during inactivity. Essential motor
specifications comprise a rated current of 0.75 Arms, a rated speed of 3000 rpm, a rated voltage of
58 Vrms, a rated power of 0.05 kW, and a rated torque of 0.16 Nm.

The motion limitations establish the operational parameters for the motor, guaranteeing safety and
optimal performance. The upper speed restriction is established at 8000 rpm, whilst the lower
speed limit is -8000 rpm. The torque restriction is established with both upper and lower limitations
at 0.66 Nm, ensuring the system functions within safe torque parameters. The environmental
parameters consist of a supply voltage of 400 V, an ambient operating temperature of 40°C, and a
clockwise motor rotation orientation.

The Guided Quick Startup streamlines the drive setup through a sequential configuration process,
which encompasses connecting to the PLC, defining motion and torque limits, configuring I/O for
measurement probes, and optimizing drive rotation. These configurations guarantee that the Slave
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drive functions synchronously with the Master drive, adhering to its reference motion profile while
preserving dynamic accuracy.

In summary, the Slave [S210 PN] is designed to perform synchronized motion with the Master
drive, utilizing exact parameterization and guided optimization to guarantee efficient and
dependable performance inside the Dynamic CAM Implementation.
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3.7.1 Quick Startup of Slave

The Slave [S210 PN] setting in the "Guided Quick Startup" section guarantees the appropriate
setup of the SINAMICS S210 servo drive for synchronized motion control within the Dynamic
CAM Implementation. The configuration initiates with the PLC connection, wherein the drive
engages in cyclical communication via telegrams, and safety-integrated functions are administered
through PROFIsafe, guaranteeing secure and real-time data transmission. The Limits section
delineates essential parameters, encompassing a supply voltage of 400 V (p210) and a motor
ambient temperature of 40°C (p6130), with the rotation direction established as clockwise
(p1821[0]). The positive speed limit is established at 8000 rpm (p1080), whereas the negative
speed limit is set at -8000 rpm (p1086[0]). A ramp-down duration of 0.000 seconds (p1135[0])
guarantees instantaneous cessation, while torque constraints are established at 0.66 Nm for both
upper (p1520[0]) and lower (p1521[0]) limits. The I/O Configuration delineates digital inputs for
probe activation, with DI0 engaging measuring probe 1 and DI1 engaging measuring probe 2, both
probes set as "not inverted" for input signals (p490.0 and p490.1). The zero mark input (p494[0])
is configured to "No equivalent zero mark," so ensuring the encoder's zero mark is not assessed.
The PROFIsafe telegram in the Telegrams section guarantees secure communication, with
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telegrams 105 and 901 enabling cyclic data transmission for motion and safety-related parameters.
The Rotate & Optimize portion calibrates the drive, with dynamic response settings (p5308[0])
preset to standard and distance limiting from 0° (p5291.14) established at 0° without any current
setpoint filter loop correction. This detailed arrangement allows the Slave drive to accurately track
the Master axis, facilitating real-time motion modifications via PROFIsafe communication and the
smooth integration of speed, torque, and I/O constraints. The outcome is a system refined for
secure, dependable, and efficient operation in synchronized motion control.
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3.8 HMI (Human-Machine Interface)

HMI, or Human-Machine Interface, is a system that enables interaction between users and
machines, processes, or systems. It offers a graphical interface for operators, engineers, and
technicians to oversee, regulate, and modify industrial processes. The functions of an HMI
encompass real-time machine status monitoring, data visualization through graphs, alerts, and
trends, system control including initiation, cessation, or configuration of machines, and diagnostics
and troubleshooting through error messages or system feedback. An HMI comprises three primary
components: hardware, including screens or touch panels; software, responsible for generating
visuals and logic; and communication protocols such as PROFINET or Modbus that provide
connections between the HMI and PLCs or other devices. Siemens TIA Portal provides
comprehensive HMI solutions seamlessly integrated within its automation ecosystem,
accommodating diverse HMI panel types, such as Basic Panels for straightforward applications,
Comfort Panels for enhanced graphics and functionalities, and Unified Comfort Panels for
contemporary, scalable, and high-performance HMIs. Prominent characteristics of HMIs in TIA
Portal encompass graphical design facilitated by a drag-and-drop interface for HMI screen
creation, seamless integration with Siemens PLCs via PROFINET, integrated tools for alarms and
trends to oversee system events, customizable screen layouts and hierarchical navigation for
efficient screen organization, and multi-tiered user management for regulated access. The
development procedure entails designing screens with visual components such as buttons, sliders,
and graphs, linking these components to PLC tags via data binding, and evaluating the interface in
TIA Portal prior to deployment on the HMI hardware.

This project centers on the HMI configuration via the Siemens TIA Portal, specifically for the
device HM_ 15 UC (MTP1000 Unified Comfort), a contemporary, high-performance HMI panel
produced by Siemens. This device functions as a graphical interface for real-time monitoring,
control, and diagnostics of the automation system. The HMI interfaces with the CPU (PLC 1) and
the Master/Slave drives (S210 PN) through the PROFINET network (PN/IE 1), facilitating
uninterrupted data transmission and guaranteeing real-time visualization and control. The project
tree's configuration is segmented into distinct sections that specify its displays, layouts, and
functional components. The Screens portion delineates the user interface, encompassing primary
pages and layouts such as Stationl, which features essential screens including stlMain
(dashboard), stlMainAlarms (system alarms), stlMainComponent (component-specific views),
and stIMainHome (default navigation). The 02_layout component structures the graphical layout,
showcasing. The 03 component manage part pertains to the administration of system
components, encompassing servo motors and CAM profiles. This section features essential utilities
such as stlServoCommand (servo motor control), stlServoConfig (parameter configuration),
st1ServoConfigList and st1ServoList (collections of servo settings), and st1CamHandler (dynamic
CAM profile modifications). The HMI is crucial in real-time monitoring, presenting data from the
PLC, facilitating user interaction for operating components such as servo motors and CAM
profiles, supplying diagnostic tools for troubleshooting, and assuring intuitive navigation through
its organized architecture. The HMI, seamlessly integrated with the PLC and drives over
PROFINET, provides a user-friendly and highly functional platform for monitoring, controlling,

75



and diagnosing the automation process, rendering it an essential component of this automation
configuration.
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3.9 What is Siemens WinCC?

WinCC (Windows Control Center) is an extensive HMI (Human-Machine Interface) and SCADA
(Supervisory Control and Data Acquisition) system created by Siemens. It is intended to visualize,
monitor, and regulate industrial automation processes. WinCC is a component of the Siemens TIA
Portal (Totally Integrated Automation Portal) that offers tools for developing operator panels,
extensive SCADA systems, and intermediate solutions. [7]

3.9.1 Types of WinCC Versions
1. WinCC (TIA Portal):
Completely incorporated into the Siemens TIA Portal.
Utilized to develop and administer HMIs for Siemens devices, including Basic Panels,
Comfort Panels, Unified Comfort Panels, and PC-based HMIs.
o Facilitates uninterrupted communication with Siemens PLCs, drives, and additional

hardware.

2. WinCC Professional:
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A scalable SCADA system designed for extensive, intricate applications.

Appropriate for PC-based runtime systems necessitating comprehensive visualization and
monitoring functionalities.

Capable of managing several HMIs and interfacing with a diverse array of hardware
components.

WinCC Unified:
The most recent HMI/SCADA system from Siemens.

Web-based, contemporary architecture for highly scalable and adaptable systems.
Appropriate for cloud-based visualization and monitoring.

3.9.2 Core Features of Siemens WinCC

7.

Visualization:
o Provides tools to create graphical user interfaces (GUIs) for operators.
o Displays system data in real-time, including trends, alarms, and status.
Scalability:
o Ranges from small HMIs for single machines to large-scale SCADA systems
monitoring entire plants.
Data Acquisition and Logging:
o Records and stores process data for historical analysis and reporting.
Alarm Management:
o Detects and displays system alarms for troubleshooting and resolution.
Recipe Management:
o Allows operators to store and manage sets of machine parameters for different
products or processes.
Networking and Integration:
o Seamlessly integrates with Siemens PLCs (e.g., S7-1200, S7-1500) and supports
communication protocols like PROFINET, Modbus, and OPC UA.
Web Access:
o Allows remote access to HMI/SCADA systems using web browsers or mobile apps.

3.9.3 Applications of Siemens WinCC

1.

2.

Factory Automation:

o Monitor and control production lines in manufacturing plants.
Process Automation:

o Used in industries like chemical, pharmaceutical, and food processing to supervise

continuous processes.

Building Automation:

o Manage systems like HVAC, lighting, and security in large facilities.
Energy Management:

o Monitor and control power generation, distribution, and consumption.
Utilities:
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o Used in water treatment plants, wastewater management, and municipal
infrastructure.

3.9.4 Benefits of Siemens WinCC

1. Integrated Engineering:
o As part of the TIA Portal, WinCC allows unified engineering for PLCs, HMIs, and
SCADA systems.
2. Customizable Interfaces:
o Offers flexibility to design interfaces tailored to specific user or system
requirements.
3. Efficient Diagnostics:
o Built-in tools for troubleshooting and diagnosing faults reduce downtime.
4. Scalability:
o Easily adapts to the growing needs of a plant, from small machines to enterprise-
level systems.
5. Data Analytics and Reporting:
o Provides detailed insights into operations for process optimization and decision-
making.

3.9.5 WinCC in TIA Portal vs. WinCC Standalone

e  WinCC in TIA Portal:
o Best for integrating HMlIs directly with Siemens hardware in a single engineering
platform.
o Simplifies project management and reduces engineering time.
e  WinCC Standalone (e.g., Professional):
o Suitable for advanced SCADA systems that may involve hardware from multiple
vendors.
o Offers more advanced features, like multi-user configurations and extended
reporting.

3.9.6 WinCC Unified: A Modern HMI/SCADA Solution

WinCC Unified, created by Siemens, is a cutting-edge HMI (Human-Machine Interface) and
SCADA (Supervisory Control and Data Acquisition) platform intended to tackle contemporary
industrial difficulties. It incorporates sophisticated web technologies, scalability, and adaptability,
establishing it as a fundamental element for enterprises evolving into Industry 4.0. This section
examines the principal features, advantages, and uses of WinCC Unified, highlighting its influence
on automation systems.

Key Features of WinCC Unified
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WinCC Unified presents a variety of novel functionalities that set it apart from conventional
HMI/SCADA systems:

1.

Web-Based Technology:
o Constructed with HTMLS5 and vector graphics, it facilitates uninterrupted access to
visualizations across devices such as PCs, tablets, and smartphones via any standard
web browser.

Unified Runtime Platform:

o A unified runtime platform accommodates HMI and SCADA applications,
guaranteeing scalability for both machine-level and plant-wide systems. [13]

Cloud Integration:

o Engineered for compatibility with cloud-based systems, facilitating remote
monitoring, centralized data aggregation, and interaction with Industrial Internet of
Things (IIoT) applications.

Seamless TIA Portal Integration:

o Comprehensively included into Siemens TIA Portal, streamlining engineering
activities by offering a cohesive platform for programming PLCs, HMIs, and
SCADA systems.

Modern User Interface:

o Provides configurable, engaging, and high-resolution interfaces, engineered with
multitouch gesture capabilities to enhance user experience.

Data Connectivity:

o Facilitates protocols such as OPC UA and MQTT, guaranteeing interoperability with
a diverse array of devices and systems.

Scalable Architecture:

o Scalable from individual Unified Comfort Panels to comprehensive PC-based
SCADA systems with multi-user configurations.

3.9.7 Applications of WinCC Unified

1.

Machine-Level HMI:
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o Ideal for creating user-friendly HMIs for standalone machines using Unified
Comfort Panels.

2. Factory and Process Automation:

o Ensures real-time monitoring and control of production lines and continuous
processes in industries like manufacturing, food and beverage, and
pharmaceuticals.

3. Cloud-Based Monitoring:
o Facilitates centralized control and monitoring of geographically distributed
facilities.
4. Energy Management Systems:
o Monitors and manage energy consumption for optimized operations.
5. Large-Scale SCADA:

o Supports plant-wide visualization and control with real-time data acquisition and

reporting.

3.9.8 Benefits of WinCC Unified

1. Future-Proof Solution:
o The use of web technologies like HTMLS5 and support for cloud integration make
it a sustainable choice for modern automation needs.
2. Enhanced Accessibility:
o Operators and engineers can access systems remotely via web browsers, reducing
reliance on proprietary software.
3. Simplified Engineering:
o Its integration into TIA Portal allows for streamlined development, reducing
engineering time and complexity.
4. Scalable and Flexible:
o Its architecture adapts to diverse project requirements, from small systems to
enterprise-wide applications.
5. Improved User Experience:
o High-resolution, interactive interfaces provide intuitive control and monitoring
capabilities.
6. Advanced Security:
o Offers multi-level access control, encrypted communications, and compliance with
industrial cybersecurity standards.
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3.10 WinCC Unified HMI interface

Figure 50 illustrates the WinCC Unified HMI interface for the machine or process control system.
The interface design emphasizes user-friendliness for operators, including controls, feedback, and
navigation alternatives. The following is a comprehensive description of the interface components:

General Overview of the HMI

This HMI interface, designed in WinCC Unified, constitutes a primary component of the machine
control system. The design is straightforward yet effective, intended to equip operators with the
essential tools for system oversight and management.

Interface Elements

1. Top Section - Navigation Bar
o Tabs (Home, Servo, CamHandler)
= These tabs allow the operator to navigate between different sections of the
interface:
* Home: the main dashboard for general system information.
= Servo: Provides specific controls and monitoring for servo motors.
= CamHandler: Dedicated to cam motion profiles and their
management.
o Alarm Section (ALARM in Red)
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= The red "ALARM" area signifies the existence of active system alerts.
Operators may click this section to view or address alarms.
2. Main Section - System Controls and Visualization
o Home Positions:
= The "Home Positions" section refers to preset positions for axes or
components controlled by the machine for the intial movement.
= The "camImplementation" field appears to be a dropdown or text display
for selecting or displaying a specific cam implementation profile.
o Vertical Slider (Right Side)
= The vertical slider represents a variable parameter (e.g., speed, position, or
percentage). The slider can be adjusted using the arrow control at the top of
the slider.
= The current value is displayed both graphically (slider position) and
numerically (0% at the bottom).
o Control Buttons (Bottom Center)
=  PLUS/MINUS: Used to increment or decrement a parameter value.
= STOP: A critical safety button to stop operations immediately.
= START: Starts the operation or process.
= RESET: Resets the system to a predefined state, possibly clearing alarms
Or errors.
3. Bottom Right Section - Mode Selection
o Auto, Manual, Setup
= These buttons allow the operator to switch between different modes of
operation:
= Auto: Fully automated operation based on predefined settings.
» Manual: Operator-driven control of the system.
= Setup: A configuration mode for advanced adjustments or initial
setup tasks.

Purpose of the HMI Design

The interface is designed for an operator workstation managing motion control in a machine
automation, with features tailored for:

1. Real-Time Interaction:
o The slider and buttons provide immediate control of parameters like position,
velocity and acceleration.
2. Easy Navigation
o Tabs like "Home," "Servo," and "CamHandler" allow quick access to relevant
sections of the machine's functionality.
3. Alarm Monitoring
o The dedicated alarm section ensures that system issues are prominently displayed
for rapid resolution.
4. Operational Flexibility:
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o Mode selection (Auto/Manual/Setup) gives operators control over how the machine
functions, making it suitable for various operational scenarios.
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Figure 50 WinCC Unified HMI interface

3.11 Servo Panel

This interface is dedicated to the manual control and oversight of servo axes inside a motion control
system.

The HMI offers an extensive interface for the control and monitoring of several axes in a motion
control application, now functioning in manual mode, as denoted by the "camhandler - manual"
label. The interface has sections enabling operators to manually operate axes, monitor real-time
data including position, speed, and torque, configure parameters such as target positions and speed
restrictions, and manage alarms and mistakes. 20 The HMI has essential components, including
the Axis Control Panels located on the left side, which consist of AxisX, AxisY, and a Virtual axis.
AxisX and AxisY denote real servo axes, whereas the Virtual axis functions as the Master. These
screens offer instantaneous representations of location and velocity, along by controls like Home
and FeedStop buttons. The central section emphasizes AxisY (and similarly Axis X), providing
comprehensive monitoring and control features, including fields for target position, velocity, and
orientation, alongside manual jogging capabilities, torque assessment, and status indicators for
readiness, movement completion, errors, and referencing. A vertical slider on the right side
facilitates manual parameter modifications, displaying the current value both graphically and
mathematically. In the bottom right corner, mode selection buttons toggle among Manual, Auto,
and Setup modes, with Manual mode emphasized for direct operator control. The lower center
features control buttons for incremental changes, emergency stops, initiating operations, and
system resets. The upper right contains an Alarm section, with a yellow indicator that shows active
alerts and enables access to diagnostics for troubleshooting purposes. This HMI design is
specifically engineered for motion control systems with servo axes, enabling accurate manual axis
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manipulation, real-time performance oversight, rapid error and alarm resolution, and operational
adaptability in both manual and automated modes.
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3.11.1 Axis Reference

Figure 52 emphasizes axis referencing, offering directives and controls for axis referencing, along
with system status indications and configurations. Essential components are the Axis Control
Panels located on the left side, which exhibit the current location and velocity for AxisX, AxisY,
and a Virtual axis, in addition to buttons for homing and feedStop functions. The center includes
the AxisY referring Panel, which provides a sequential guide for referring, encompassing the
establishment of a desired value, activation of the reference and function buttons, and the
preservation of the quote as the reference point. A reference field exhibits the adjustable reference
value in degrees, spanning from -10,000 to 10,000, whilst the Torque Limits section at the bottom
center indicates the real-time torque value and the status of torque limits. The status indicators on
the right panel denote system conditions, including faults, warnings, and errors, such as
configuration faults, dynamic problems, and homing troubles. Figure 52 highlights torque
constraints, status oversight, and sophisticated design for AxisY. Similar to the initial illustration,
the Axis Control Panels on the left exhibit position, speed, and control buttons. The central Torque
Limits Panel displays the real-time torque exerted on AxisY, featuring an activation button for
activating torque limits and fields for setting upper and lower torque thresholds. Supplementary
features encompass calibration and cycle configurations for torque calibration, operational cycles,
and scaling factors. The right panel offers sophisticated error monitoring, featuring indicators for
following mistakes, position errors, torque errors, and adaption warnings, as well as a deactivate
axis button for safety or configuration purposes. The vertical slider maintains its adjustable
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parameter capability. The HMI interface facilitates real-time control and monitoring of axes,
precise torque management via calibration and limitation, extensive fault diagnostics for
troubleshooting, and the capability to manually adjust parameters and configure advanced settings
for operational flexibility and efficiency.
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3.11.2 Commands in Servo Panel

This part emphasizes the comprehensive configuration and manual operation of AxisX, facilitating
exact motion commands and modifications. The Positions Configuration enables operators to
designate the home position with a target of 0.000 degrees, thereby defining the reference point
for AxisX. Target positions, including Position]l and Position2, can be adjusted; for instance,
Position2 may be set to 100.000 degrees with a movement velocity of 5000.000 deg/min.
Acceleration and deceleration rates are defined for seamless transitions, such as -1.000 deg/s?,
while the direction field denotes the trajectory of motion, illustrated by a value of 3 for Position2.
The Offset Settings facilitate precise positional alterations, allowing the offset amount to be
configured at 0.000 degrees, accompanied with parameters for speed, acceleration, and
deceleration to regulate offset behavior. Directional modifications are also adjustable inside this
part. Command buttons like the Confirm Button apply and validate the current AxisX
configuration, whereas the Save Button guarantees that the settings are preserved for future
reference. On the right side, a Vertical Slider facilitates real-time parameter modifications, such as
speed or position, with the current value represented both graphically as a slider and numerically,
for instance, 37%. This extensive setup system equips operators with the necessary tools for
precise and efficient motion control.
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3.12 Cam Handler

A WinCC Unified interface is utilized for the control and visualization of a cam profile within a
motion control system. The central section of the screen showcases a cam profile, depicted by a
blue curve, frequently utilized in motion control applications. This graph illustrates the correlation
between the master axis (X axis - position) and the slave axes (Y axis - motion parameters include
position, speed, or acceleration). The profile is displayed as a sequence of distinct points or steps,
either for debugging purposes or to emulate the cam profile, which can be adjusted using the sliders
and options on the interface. Situated beneath the cam graph is a horizontal slider that enables the
user to modify the position of the terminal point of each segment, so granting direct control over
the execution of the cam profile. Moreover, sliders on the right regulate the speed and acceleration
of the system, enabling users to precisely adjust the motion parameters in real-time. Buttons are
provided for switching between several cam profiles or segments, including Prev Cam, Cam 1,
and Next Cam, enabling users to alternate between profiles for the visualization and management
of distinct cam settings. The Save button preserves the current cam profile or any alterations made,
but the Reset option eliminates changes and restores the cam profile to its original condition. The
Auto, Manual, and Setup buttons toggle the system among various operational modes, including
automatic control, manual adjustments, and configuration settings. The Segments box enables the
user to modify the quantity of segments in the cam profile, providing enhanced precision in the
division or definition of the cam. The Polynomial option delineates the mathematical function that
characterizes the cam profile curve, which may be either polynomial or linear according to the
user's preference. This adaptability enables the user to select the function type that most effectively
meets the motion specifications, hence enhancing control over the cam profile's behavior and
adjustments during operation. The Zoom buttons enable the user to magnify or reduce the cam
profile graph for a more detailed or expansive perspective. The Position (posX, posY) parameters
facilitate the modification of the cam graph's location along the X and Y axes. The Speed and
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Acceleration sliders, along with their respective indicators (in orange and green), modify motion
speed and acceleration in real-time, while the % indication delineates the start and end points of
the cam profile, enabling precise adjustments of these variables. The ALERTS section at the top
of the interface presents any active alerts or warnings pertaining to the cam profile or motion
control system. This component serves as a crucial monitoring instrument to guarantee the system
operates efficiently. The system is currently in "selection mode," signifying that the user is picking
or customizing options, including various cam profiles or motion parameters. The "Servo" and
"CamHandler" tabs facilitate the transition between various control modes, including the
management of servo motors and the configuration of distinct cam profiles.

1. Network Connections:

o PN/E_1: This denotes the Profinet network interface, the communication protocol
employed for connecting devices within the network. Profinet is a real-time
industrial Ethernet protocol utilized for data sharing among devices such as PLCs,
HMIs, and various field devices.

o The network configuration links the PLCs (Master and Slave) with the HMI. The
network diagram on the right illustrates the interconnectivity among these
devices, facilitating efficient data sharing.

2. Master-Slave Configuration:
o In this configuration, the Master device governs the operation of the Slave device.
The master may issue commands or synchronization signals to the slave, which
subsequently reacts or executes designated duties in accordance with the
commands.

o In the depicted system, both the master and slave PLCs appear to operate in a
coordinated manner, perhaps managing many axes in motion control or analogous

applications.
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Conclusion

During my exprience at IOMA, I became acquainted with the concept of cam profiling via Siemens
TIA Portal in my capacity as a lead software developer. While alternative methods exist for
achieving synchronization among several axes using different motion controls, we opted upon cam
technology objects due to the aforementioned advantages. The progression of motion control in
industrial automation has resulted in substantial enhancements in precision, efficiency, and
adaptability across diverse applications. This thesis concentrated on the execution of software-
based motion control utilizing Technology Objects and the LCamHdl Library within Siemens TIA
Portal, offering a systematic methodology for substituting conventional mechanical cam systems
with virtual camming strategies. This research enhances the flexibility, scalability, and
dependability of industrial automation systems.

Summary of Key Findings

This study analyzed the fundamentals of motion control, mathematical modeling of cam profiles,
and the practical implementation of virtual camming using Siemens S7-1500T PLCs. The key
conclusions derived from this research are as follows:

1. The shift from mechanical cams to virtual camming provides enhanced flexibility, real-
time adaptation, and less mechanical wear, rendering it a more efficient alternative for
contemporary automation applications.

2. The incorporation of motion control in Siemens TIA Portal via Technology Objects and
motion blocks streamlines the creation of intricate motion sequences, enhancing
programming simplicity and system efficiency.

3. The mathematical modeling of cam motion, encompassing displacement, velocity, and
acceleration equations, is essential for delineating exact motion profiles that guarantee
maximum machine performance.

4. The LCamHdl Library and Cam Handler technologies offer a modular and reusable
framework for the implementation of software-driven cam profiles, thereby minimizing
engineering effort while ensuring high precision in motion control.

5. The experimental validation and case studies revealed that PLC-based motion control
markedly enhances synchronization and efficiency, especially in applications including
robotics, CNC machining, conveyor systems, and automated packaging.

Contributions of Research
This thesis advances the domain of industrial automation and motion control in multiple aspects:
o [t offers a systematic approach for executing virtual camming within Siemens TIA Portal,
connecting traditional mechanical automation with software-based control systems.

e It offers a thorough mathematical foundation for cam profile computations, providing
engineers with a systematic method for developing accurate motion sequences.
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o The research illustrates the actual application of motion control algorithms, highlighting
the benefits of real-time cam synchronization and dynamic motion corrections.

o The study establishes a foundation for subsequent research in motion control, specifically
in the integration of Al, IloT, and edge computing to improve adaptive automation
processes.

Limitations and Future Work

This research effectively demonstrates the efficacy of virtual camming in PLC-based motion
control; nonetheless, certain restrictions must be recognized:

e The study concentrated on Siemens PLCs and TIA Portal; further research may investigate
the application of virtual camming across various PLC platforms to evaluate wider
applicability.

e The system underwent testing in a controlled laboratory context, and additional validation
in extensive industrial settings would yield greater insights into its performance in real-
world conditions.

e The incorporation of Al-driven motion optimization and predictive maintenance solutions
could augment the adaptability and efficiency of PLC-based motion control systems.

o Cybersecurity considerations in cloud-connected PLC motion control applications must be
examined to guarantee data security and system resilience in future deployments.

Final Remarks

This research highlights the increasing significance of virtual camming and software-based motion
control in contemporary industrial automation. The shift from mechanical cam systems to PLC-
based virtual camming solutions enhances efficiency, adaptability, and scalability in automation
processes, markedly boosting system flexibility and synchronization. As Industry 4.0 and IIoT
technologies advance, PLC-based motion control will be crucial for improving real-time
monitoring, predictive maintenance, and overall automation efficiency.

This thesis offers a practical and theoretical framework for engineers, automation professionals,
and researchers aiming to deploy next-generation motion control solutions utilizing Siemens TIA
Portal. The concepts and techniques outlined in this research provide a foundation for future
progress in motion control and industrial automation.
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