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Introduction  

 

 

In the constantly developing world of automation, programmable drives represent a novelty in the 

automation market as they integrate functions that are unique in this field.  

The concept of programmable drives arises from the idea of integrating a real PLC on board the drive 

in order to be able to realise fast automation tasks with a single device and lighten the load on the 

central PLC. 

Using programmable drives does not necessarily mean not having a machine PLC: inserted in 

complex automations, they can simplify the work of the main PLC, managing a particular function 

or part of a machine with a real time that only a programmable drive could guarantee. For that reason, 

these drives are equipped with a field bus interface to be able to communicate with the main PLCs 

on the market based on EtherCAT, Profinet, Modbus TCP/IP, Canopen and Modbus RTU. 

The interest in this new family of drives derives not only from the availability of an on-board PLC to 

perform control tasks, but rather from the ability to perform these tasks with significantly faster cycle 

times.  

The thesis project, carried out and developed during an internship period within the Line Control & 

Software Engineering team of the multinational company G.D Spa, is concentrated on the 

performance analysis, validation and data collection of the feedforward torque injection on the new 

on-board PLC-equipped drives produced by the Bosch Rexroth company called CtrlX Drive. 

Feedforward torque injection executed by the machine PLC typically have a cycle time of no less 

than 1ms due to delays associated with EtherCAT communication between PLC and drive. Instead, 

with CtrlX Drive it is possible to work with cycle times of up to 250ɛs, with obvious advantages in 

terms of speed of action and consequent position error of the motor load. 

The evaluation of the performances of this decentralized architecture have been done through the 

development of a PLC application capable of properly computing the feedforward torque for the load, 

using prior knowledge in terms of torque control, and injecting it by means of the methods guaranteed 

by the driveôs architecture. 
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In CtrlX Drive, task programming on the on-board PLC is possible via the well-known Codesys 

development environment, using typical automation languages based on the IEC 61131-3 standard 

and libraries for accessing real-time drive parameters such as position, speed and acceleration. 

To date, the company has always controlled the drives, and specifically calculated the feedforward 

torque, via the machine's TwinCAT PLC, by developing applications to achieve this. 

These applications actually are not entirely suitable for operating on a Bosch Rexroth's on-board drive 

PLC, because first of all they rely on Beckhoff libraries, and then they do not take advantage of the 

benefits of being on-board the drive, such as accessing parameter reading in a fast way. 

The goal of the thesis project is to test the CtrlX Drive on a mechanical system used in the automatic 

machines produced by the company, comparing this decentralized solution with the centralized 

solution of using the singular machine PLC by means of many laboratory tests. 

 

The first chapter of the thesis introduces the IPC technology, providing an explanation on why today 

is preferred to the PLC. The TwinCAT 3 automation software is then presented, with a special 

attention on EtherCAT protocol of communication, highlighting the limits of this technology in terms 

of drive control. 

Known the limits of the TwinCAT motion control, in the second chapter the focus is on the 

presentation of CtrlX Automation technology, with a technical description of the devices needed to 

implement the feedforward torque. The chapter ends with the description of the PLC firmware 

function and Structured Text Language, that as will be well explained has been the adopted 

programming language. 

The third chapter does a focus on the purpose of the torque feedforward action on the loop control, 

how It is implemented by G.D Spa company and how the CtrlX Drive control architecture treats it. 

Given these bases, there are explained the main characteristics of the code developed for achieving 

the desired control task. 

The fourth chapter shows the tests performed on the laboratory to the company in order to understand 

the most convenient way to access to the drive parameters. There are also explained what variables 

have been accessed within the code and what are the purposes of these accesses. 

Finally, the fifth chapter shows the results of testing the new drive on a motor to be controlled of a 

G.D Spa automatic machine. In particular there are shown the differences between the feedforward 

torque commanded by TwinCAT and CtrlX Drive, the problem of torque wave offset, the comparison 

between the drive actual torque and injected feedforward torque, the improvement of the tracking 

position thanks to the feedforward action during nominal conditions and during asynchronous events. 
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In addition, estimates were made on the saved computational capacity of the central PLC due to the 

decentralised architecture. 
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Chapter 1 

 

Industrial PC technology  

 

 

1.1 PC based control systems 

 

Back in the 1970s, PLCs were a game-changer for automation systems designed to replace relay 

panels and switch boxes. Throughout time, PLCôs have been upgraded with a more rugged design, 

scalable features, and programmable systems.  

In addition, a programming language, known as ladder logic, allowed PLCs to be highly customizable 

for machine automation. This robustness and versatility made PLCs a popular choice to replace older 

relays and switch boxes. 

On the other hand, the spread of PLCôs caused many limitations, mainly on the computing power, 

leading to an inevitable low performance of the automatic machines which could not increase 

too much their operational speed.  

For those reasons, the development of Industrial Personal Computers (IPCs) has increased along 

with the exponential advancement of semiconductor chips. As computer chips became more 

powerful, smaller, and cheaper, industrial PCs have gained interest within the automation industry.  

Industrial PCs can cover the supervisory control that PLCs offer, but with more workloads such as 

HMI, gateways, AI applications, and more. They are able to perform these workloads' consolidation 

because of the performance accelerators reducing the hardware footprint within the factory floor [1]. 
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The first PC control system was delivered as early as 1986. Thanks to the profound technological 

expertise that has developed over the past decades, Industrial PCs are characterized by the highest 

quality and are used successfully worldwide [3]. 

 

 

1.2  Differences between IPC and PLC 

 

The differences between an IPC and a PLC can be presented in 7 main distinctions:  

 

1) Operations: industrial PCs can perform the same tasks as PLCs but with an operating system 

that enables them to run various applications and programs that are not available for PLCs, 

that are designed specifically only for control purposes. 

With these capabilities, IPCs are more than just control purposes. Industrial PCs can 

consolidate workloads which reduces hardware footprint.  

However, the operating system of an IPC such as Windows and Linux are susceptible to 

cyberattacks, but current antivirus software and firewalls are advanced enough to mitigate this 

risk. 

 

 

 

 

Figure 1: Beckhoff Industrial PC [3] 
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2) Programming: The next difference between industrial PC and PLC is how programs are 

developed and executed. PLCs generally implement a scan-based program execution, whereas 

industrial PCs are typically event-driven software.  

For instance, a PLC software logic is specified in the IEC 61131-2 standard like ladder logic 

or other proprietary vendor languages. In contrast, industrial PCs function on the well-known 

Windows or Linux operating system using programming languages such as C/C++/.NET. 

Therefore, industrial PCs are much easier to program due to their popularity among 

developers. 

 

3) Security: There are two fundamentals of security an industrial system should deal with. First, 

blocking attacks from external access that is not authorized. Second, limiting users' access 

based on their rights or designation. In the past, PLCs were known to be secure from malware 

attacks. However, some attackers started developing malware to target PLCs. Despite that, 

industrial PCs are also vulnerable to malware attacks and require comprehensive protection 

from software antivirus or hardware modules. 

 

4) Build Quality: Industrial PCs are incredibly rugged. Here are some of the industrial features 

of industrial PCs: fanless design, wide temperature range, shock and vibration resistant, high 

IP rating, expandable modules.  

For build quality, PLCs and industrial PCs are pretty well matched. However, industrial PCs 

are winning when it comes to its compact size. 

 

5) Expansion capabilities: Both PLCs and industrial PCs are required to control various devices 

for control, monitoring, and communication. Therefore, both PLCs and industrial PCs are 

equipped with multiple COM ports and other I/O capabilities, including legacy technologies.  

Even though both can support these technologies, most PLCs already have these technologies 

built in. On the other hand, industrial PCs are built with expansion slots to increase their 

versatility. Hence, industrial PCs have a higher threshold for the amount for I/O they can 

handle. 

 

6) Processing Power & Storage: Since PLCs' microprocessors are designed specifically for a 

dedicated function, PLCs are powerful controllers for automation controls. PLCs can manage 

high-speed I/O and have no problem tackling smaller automation applications. However, 
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automation projects are getting more advanced and compute heavy. This is where industrial 

PCs come in. Industrial PCs utilize more storage and a full processor like workstation 

computers that can run computing and storage heavy applications. 

 

7) Cost: The cost comparison between PLCs and industrial PCs is PLCs have a lower cost for 

smaller applications, while industrial PCs have a higher initial cost. However, as the 

applications get more complex and compute heavy, the cumulative cost of PLCs may exceed 

industrial PCs [2]. 

 

1.3  TwinCAT 

 

A key element of Beckhoff's PC-based control technology is the TwinCAT automation software 

(which stands for 'The Windows Control and Automation Technology'), which can turn almost any 

PC-based system into a real-time control system, with a cycle time of up to 100 microseconds. 

TwinCAT transforms basically any PC-based system into a real-time control system allowing the 

integration of third-party components and also customized retrofit solutions for existing machines 

and systems. 

TwinCAT 3 is the latest version of the software, able to fulfil the basic principles of an open and 

highly scalable control system.  

The basis of the system is represented by the control intelligence that is implemented on a single 

software platform divided into engineering and run-time. It is also possible to flexibly extend both 

engineering and run-time software by application-specific modules also known as Functions. 

In this way it is possible to perfectly adapt TwinCAT system in order to suit any individual 

requirement. 

TwinCAT XAE ((eXtended Automation Engineering) allows hardware to be programmed and 

configured in a single engineering tool. In addition to the IEC-61131-3 programming languages, 

C/C++ and MATLAB®/Simulink® are also available for programming.  

 

The tool also offers integrated debugging options for the program code and diagnostic functionalities 

for the control hardware. Functions are available to flexibly extend the basic engineering to include 

additional functionalities such as a software oscilloscope. 
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TwinCAT XAR (eXtended Automation Runtime) is a real-time-capable runtime in which the 

program code can be executed to control the field level of the machine [4]. 

 

1.4  Real-time capable scheduling 

 

The application program itself can consist of several program blocks, which in turn call other 

programs or function blocks etc. (see also IEC 61131-3 standard). The program blocks can be 

assigned to real-time tasks, which in turn call them with a cycle time to be defined and a defined 

priority. TwinCAT 3 Real-Time supports the following features in order to meet the requirements 

described for the control of industrial processes: 

 

Å Real-time capable scheduling 

Å Parallel execution of processes 

Å Direct hardware access 

 

In addition, TwinCAT 3 Real-Time also offers multi-core support to meet the ever-increasing 

demands for high-performance and flexible/expandable control platforms. The available cores can 

either be used exclusively for TwinCAT or shared with Windows. In the following, the cores are 

therefore referred to as "isolated" or "shared. 

 

TwinCAT 3 Real-Time works with the double-tick method. This means that both switching to real-

time mode and switching back is triggered by an interrupt. The interrupt when switching to the real-

time mode also starts the scheduling at the same time. After an adjustable period of time, at the latest 

after 90% of the set cycle time, TwinCAT switches back to "shared" cores in non-real-time mode, so 

that the guest operating system has sufficient computing time available to comply with the response 

times required for hardware functions etc. 
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The figure above shows the call of a PLC task. After the real-time tick has occurred, the PLC task is 

called by the scheduler. This makes the current input values available to the PLC application (input 

update), followed by processing of the application program (cycle update). Finally, the results are 

written to the outputs (output update). Once this has been completed, the device switches to non-

real-time mode (double-tick). As shown in the figure, the execution time of the user program may 

vary depending on which code is executed based 

on the internal state of the program. Thus, the time when the outputs are written also varies. 

Depending on which task a bus system is driven, this can cause the sending of the bus telegrams to 

vary to the same extent. 

When switching between real-time mode and nonreal- time mode, the preceding process state is 

restored, as described under preemptive multitasking.  

The restoration takes some time, depending on how intensively the real-time and non-real-time 

programs use the memory and in particular the cache. In order to eliminate these temporal effects, 

TwinCAT 3.1 Real-Time allows cores to be isolated from the guest operating system. This 

eliminates the need to switch back, resulting in more computing time for the real-time user program 

and better real-time quality (less jitter) by avoiding the time effects associated with restoring the 

"old" process state [4]. 

 

 

 

Figure 2: Exemplary representation of the call of a PLC task [4] 

Figure 3: Calls with isolated cores [4] 
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1.5  EtherCAT protocol for motion control 

 

EtherCAT (Ethernet for Control Automation Technology) is a high-performance Ethernet Fieldbus 

technology that provides a reliable, efficient, and cost-effective communication solution for a wide 

variety of industrial automation applications. Originally developed as an open technology by 

Beckhoff Automation in 2003, and subsequently turned over to an independent organization known 

as the EtherCAT Technology Group, It has since become one of the most widely used industrial 

Ethernet protocols in the world with over 6,000 member organizations[5]. 

It is based on the IEEE 802.3 Ethernet standard and uses a master/slave architecture to enable 

communication between devices on the same network. The master device acts as a controller, sending 

commands to slave devices and receiving data back from them. In addition to master-to-slave 

communication, EtherCAT also supports master-to-master and slave-to-slave communication and 

supports many different types of devices such as sensors, decentralised I/O, actuators, motors, and 

other controllers [5]. 

 

 

The EtherCAT master sends a telegram that passes through each node. Each EtherCAT slave device 

reads the data addressed to it ñon the flyò, and inserts its data in the frame as the frame is moving 

downstream. The frame is delayed only by hardware propagation delay times. The last node in a 

segment (or drop line) detects an open port and sends the message back to the master using Ethernet 

technologyôs full duplex feature. 

Compared to other Fieldbus technologies that have notoriously long lead times and limited, high-cost 

hardware options, EtherCAT has emerged as a popular cost-effective choice which can reduce costs 

Figure 4: EtherCAT protocol [5] 
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from a maintenance and downtime perspective thanks to its reliability and hardware replacement 

options. 

One of the main advantages of EtherCAT is its high-speed and low-latency communication. Its unique 

method of frame processing and data transfer allows for extremely high bandwidth utilization that 

cannot be matched by other Fieldbus technologies. Moreover, the topology design makes cycle times 

deterministic and allows It to be suitable for hard real-time requirements.  

EtherCATôs flexibility, exceptional performance, and reliability make it a clear choice for high-speed 

and safety-critical applications such as medical robotics, testing and measurement, machine tools, 

and factory automation. 

Additionally, the technology has many useful and convenient error detection and diagnostic features 

built in that make troubleshooting and maintenance fast and easy: error detection and diagnostics play 

a major role in determining a machineôs availability, operability, and commissioning time. 

EtherCAT includes the ability to scan and compare the actual network topology with the configured 

topology during boot-up. This comparison is useful in detecting cabling issues and other physical 

layer problems and is an enormous advantage in comparison to conventional fieldbus systems. 

Furthermore, with EtherCAT it is possible to determine the exact node in the network where the error 

was initiated. This is known as error localization. EtherCAT can detect and localize occasional 

disturbances before the issue impacts the machineôs operation. 

The Slave Controller in each node checks the moving frame for errors with a checksum. Information 

is provided to the slave application only if the frame has been received correctly. If there is a bit error, 

the error counter is incremented and the subsequent nodes are informed that the frame contains an 

error. The master device will also detect that the frame is faulty and discard its information. The 

master device can detect where the fault originally occurred in the system by analysing the nodesô 

error counters. 

Within the frames, the Working Counter enables the information in each Datagram to be monitored 

for consistency. Every node that is addressed by the Datagram and whose memory is accessible 

increments the Working Counter automatically.  

The master is then able to cyclically confirm if all nodes are working with consistent data. If the 

Working Counter has a different value than it should, the master notifies the application about the 

discrepancy. The master device is then able to automatically detect the reason for the unexpected 

behaviour with help from status and error information from the nodes as well as the Link Status. 

Thanks to EtherCATôs unique principle of bandwidth utilization, which is orders of magnitude better 

than industrial Ethernet technologies that use single frames, the likelihood of disturbances induced 
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by bit errors within an EtherCAT frame is substantially lower ï if the same cycle time is used. If 

much shorter cycle times are used, the time required for error recovery is significantly reduced. Thus, 

it is also much simpler to address such issues within the application [5]. 

 

1.6  EtherCAT as Drive Bus 

 

The EtherCAT devices read the data addressed to them while the telegram passes through the device. 

Similarly, input data are inserted while the telegram passes through. The telegrams are only delayed 

by a few nanoseconds. Since an Ethernet frame reaches the data of many devices both in send and 

receive direction, the usable data rate is very high [5]. 

Typical values for the necessary cycle times lie between 1 and 4 milliseconds when position is 

specified cyclically, with position control in the drive. One microsecond is often quoted as an 

adequate value for synchronicity in drive technology. 

For this reason, when possible It can be convenient to adopt drives with an on-board PLC able to 

regulate directly the control of the connected load, without passing through an EtherCAT master. The 

time gain can be very high. 

 

 

 

 

 

 

 

 

 

 

 

Further important criteria for a fieldbus system are the communications protocol and profile used, 

which are responsible for compatibility and efficient data exchange between the controller and the 

drive. Instead of re-inventing the wheel, EtherCAT uses proven technology for this purpose. 

EtherCAT in fact introduces multi-protocol capability, consolidating the different protocols in a 

standardised mailbox. This enables quick and full conversion of existing devices to EtherCAT. The 

Figure 5: EtherCAT protocol in automation framework [5] 
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protocols relevant for drive technology are CANopen over EtherCAT (CoE) and Servo Profile over 

EtherCAT (SoE). They enable the advantages of EtherCAT in terms of transfer characteristics to be 

combined with proven, profile-specific drive functions.  

The Servo Profile over EtherCAT (SoE) protocol enables the proven SERCOS device profile to be 

used, which is tailored for demanding drive technology and standardised in IEC 61491. The SERCOS 

service channel, and therefore access to all parameters and functions residing in the drive, is mapped 

to the EtherCAT mailbox.  

Luckly, CtrlX drive has an EtherCAT interface available, so these protocols have not been used for 

the thesis application [5]. 
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Chapter 2 

 

CtrlX Automation Technology 

 
In the previous chapter, EtherCAT technology was presented, showing evidence of its high degree of 

importance for automated systems. 

Furthermore, it was explained how this protocol can also be used to connect to drives, with cycle 

times no shorter than 1 ms in the case of control. 

Thus, the need arose to develop drives that could implement the control action directly on board the 

drive, thus being able to have action times considerably shorter than 1ms per cycle. 

An important evolution is the new technology produced by Bosch Rexroth called CtrlX Automation, 

which will be presented in this second chapter. 

 

2.1 CtrlX Automation 

 

Bosch Rexroth has developed a new automated platform that integrates automation, information 

technology and the Internet of Things into a completely open system, named ctrlX AUTOMATION. 

It is based on a software architecture that harnesses all the benefits of APP technology, with the main 

advantage that concerns on cost of design, which is reduced by between 30 and 50 per cent. 

For a long time, programming and more in general the automation approach has had to adapt to the 

world of mechanical design. With the continuous increasing need to connect both with machines and 

factory IT, It is requested to manage an increasing number of tasks not strictly related to the actual 

automation functions. One example: robotics and handling have become key sciences in the 

manufacturing sector because they are able to optimise recurring production processes, saving 
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resources and increasing reproducibility. However, these are functions that are very difficult to 

standardise in automation. 

In order to allow a high degree of customisation, ctrlX AUTOMATION is an open platform useful 

as a new ecosystem for industrial applications. Software developers can develop and make industrial 

applications available in the most popular programming languages, making possible the production 

and the combination of machine functions using any programming language while protecting their 

know-how [6]. 

 

Over the past decades, the Windows operating system has served its purpose effectively in the 

world of automation. However, if we consider the needs for machine availability, safety, technical 

support and cost-saving that characterize today's market increasingly marked by the dimension of 

connectivity and digitization, we can say that this system has reached its physiological limits. This 

is why more and more companies in the industrial sector are seeking the benefits of Linux-based 

solutions that enable them to connect control systems to drive systems such as ctrlX 

AUTOMATION. 

Rigid operating systems and closed standards were the landscape that characterized the automation 

world until yesterday. With digital transformation, however, users' needs are changed. The scalable 

ctrlX AUTOMATION platform introduces new standards in the flexible design of centralized or 

decentralized automation types. This is made possible through several properties: the real-time Linux 

operating system, the total degree of system openness, app technology, web-based design, and 

comprehensive IoT connectivity capabilities. 

Moreover, the CtrlX platform presents a practical design software and toolbox called ctrlX WORKS, 

where all components can be seamlessly integrated together and put into operation very easily [6]. 
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A very great benefit of CtrlX is that if users want to protect their know-how, they can implement their 

own apps for the purpose of carrying out a wide range of technical processes such as, for example, 

connecting, reshaping, measuring, and testing.  

In addition to their own apps and Bosch Rexroth's wide selection of integrated apps, users can also 

use third-party apps. For example, ctrlX CORE is compatible with the CODESYS SoftMotion app. 

Third-party apps such as ready-to-use camera apps, for example a vision app from HD Vision, and 

HMI solutions such as the Smart HMI WebIQ app are also available, and in this way, users can draw 

from this wide selection the most suitable apps for any automation function. 

Actually, different combinations are possible: ctrlX CORE can be used as a controller-based solution, 

by inserting it as a stand-alone component within a system architecture, or integrated directly within 

the ctrlX DRIVE. This second solution is the one adopted by G.D Spa company and can be adopted 

for both single and dual-axis applications.  

In the past Bosch Rexroth has developed a similar solution of drives with an on-board PLC called 

IndraDrives, but they were eligible only for single-axis applications and so considered not of great 

interest by the company. 

Communication between the core (ctrlX CORE) and the drive (ctrlX DRIVE) is via EtherCAT, the 

widely used fieldbus in industry that provides a large ecosystem. Standardized design also allows 

control systems to be connected to drive systems.  

In the following, the characteristics of the devices are presented [6]. 

Figure 6: CtrlX AUTOMATION architecture [6] 
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2.2  CtrlX CORE 

 

The ctrlX CORE control hardware is a multicore processor that provide 

sufficient computing power for all automation tasks: from PLC and 

motion control applications to CNC and robotics. These high-

performance CPUs can be integrated in embedded systems (ctrlX CORE), 

in industrial PCs (ctrlX IPC) or directly in drives (ctrlX DRIVE). 

In particular, they are 64 Bit Quad-Core ARM CPUôs. 

At the same time this control system is capable of easily meeting the 

demands of the IT or IoT world: requirements that continue to grow today 

with the increase digitisation and automation.  

In its compact version, CtrlX CORE can cover up to 70 percent of general 

automation applications.  

From general automation to high-performance motion control, the 

platform provides the right solutions with the 'Industry 4.0 approach. 

The advantages of ctrlX CORE are: 

¶ High-performance multi-core processor 

Figure 7: CtrlX AUTOMATION devices [6] 

Figure 8: CtrlX Core [10] 
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¶ Always up-to-date software architecture thanks to regular updates of the LINUX Ubuntu Core 

system. In automation applications LINUX is preferred for its greater openness and 

configurability, flexibility, security and stability. 

¶ Compatible with the EtherCAT ecosystem 

¶ Multi -Ethernet connectivity 

¶ Secure and flexible software scalability through apps 

¶ Optimized control for each application [10] 

 

2.3  CtrlX DRIVE                       

 

The ctrlX DRIVE with integrated control system is one of the most compact 

modular drive systems in the world. 

The drive combines optimum dynamics with precision of position, speed and 

torque values. It therefore not only offers space-saving dimensions and 

maximum scalability, but also guarantees the user an almost unlimited number 

of combinations, sophisticated engineering tools and a high degree of energy 

efficiency. 

ctrlX DRIVE is a possible answer to the challenge of today's necessity of being 

able to realise machines and smaller and smaller: this is why the system is much 

more compact (up to 50 per cent) compared to the previous range and other 

company products.  

The technology integrated DC-bus connector technology reduces additional 

components and enables energy balancing thanks to the DC bus; this optimises 

energy consumption and reduces power loss. 

 

The range of drives includes compact drives, modular one- and two-axis drives, DC/DC converters, 

standard and regenerative mains power modules. The benefits are: 

 

¶ Dimensions: the small footprint of ctrlX DRIVE saves up to 50% space in the cabinet. Thanks 

to the integration of the ctrlX CORE controller, the space normally required for this function 

is recovered. In addition, thanks to the multi-axis modular concept, the solution is perfect for 

control cabinets with a depth of 300 mm. The efficiency of the devices enables a 30% increase 

in torque. 

Figure 9: CtrlX Drive [7] 
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¶ Scalability: Designed around adaptability, the system allows the use of customized solutions 

with peak currents from 6 A to 375 A. The required power is always available, even for 

modular machines with power ratings up to 260 kW. Thanks to the multi-Ethernet and multi-

encoder interface, the drives follow the principle of openness and flexibility. CtrlX DRIVE 

can integrate CtrlX CORE, a high-performance decentralized intelligence. 

¶ Open and safe: in combination with ctrlX SAFETY, the ctrlX DRIVE solution ensures 

operator safety in any application. Compact and scalable, the safety system can be used 

flexibly: from the SafeMotion safe motion solution integrated into the ctrlX DRIVE drive, to 

the ctrlX SAFETY solution integrated into the controller for complete machine safety 

management. With its high level of safety (SIL3), ctrlX DRIVE fits seamlessly into any safety 

topology [7]. 

 

 

2.4  CtrlX PLC Engineering 

 

CtrlX PLC is an app available on the toolkit CtrlX Works that leverages the openness and accessibility 

of Linux Ubuntu Core, the operating system of the ctrlX AUTOMATION platform.  

CtrlX PLC prioritizes ease of use: with the IEC 61131-compliant tool, learning and programming 

automation tasks are immediate.  

Inside are all the tools needed for programming and It is possible to create the PLC program, thanks 

to the selection of CODESYS add-ons for multiple tasks.  

For these reasons, It has been adopted for writing the program code required by the objective of the 

thesis. 

 

The ctrlX DRIVE Technology Function is the PLC firmware function that allows customized PLC 

programs to be used in the axis processor of the ctrlX DRIVE drive system. 

The runtime system of the drive-integrated PLC (ctrlX DRIVE Technology Function) is part of the 

drive firmware with its functions and interfaces. 

The control options of the drive-integrated PLC are device-internally limited to the axis. 

The main features of the ctrlX DRIVE Technology Function are: 

 

ǒ Programming functional enhancements in accordance with IEC 61131-3 based on comprehensive 

standard libraries and additional libraries 
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ǒ Commanding the axis with access to the device control of the drive 

ǒ Direct access to all drive parameters via direct variables, functions or function blocks 

ǒ Access to digital and analog inputs/outputs of the drive via parameters [8] 

 

2.5  IEC 61131-3 languages 

 

The PLC in ctrlX DRIVE is based on the CODESYS runtime system Control V3. 

The PLC is integrated in the ctrlX DRIVE system environment and It processes the code 

programmed in IEC 61131-3 and is responsible for debugging with ctrlX PLC Engineering. 

The IEC 61131-3 is a standard for programming Industrial Control Systems like IPCs and PLCs.  

It was conceived as a way to standardize concept and methods for PLC programming in order to avoid 

some kind of problems caused by the fact of having a different syntax and semantic. The IEC 61131-

3 is the third part of the IEC 61131 family and introduces new feature with respect to the previous 

version like new data types, name spaces, object-oriented features, etc. This standard allows to work 

on a common programming language to be applied to industrial PCôs with data types that are possible 

to be shared between different languages.  

It specifies syntax and semantics of 5 different languages: Ladder Diagram (LD), Function Block 

Diagram (FBD), Instruction List (IL), Structured text (ST) and Sequential Function Chart (SFC). 

Since the data types are possible to be exchanged, these languages can be used together in the same 

project or used singularly. For developing the program code of the feedforward torque, the adopted 

language has been the Structured Text. 



28 

 

 

 

 

Another important aspect of the standard IEC 61131-3 is that it allows to divide the program into 

POUs (Program Organization Units), it also permits the execution of each òchildò program by tasks 

executions. 

 

2.6  Structured text 

 

Structured Text is a high-level programming language which might look similar to C or Pascal, it is 

more flexible with respect to the other graphical languages and allows to utilize complex function 

blocks. It is a highly flexible option since every program can be split into smaller parts in order to 

perform an easy troubleshoot, because of this itôs less error prone than other types of languages. 

Structured text is also well suited for complex Artificial Intelligence computations since itôs efficient 

for data sorting and data handling. 

The Structured Text languages are also similar to other high-level programming languages for the 

utilization of statements that are used to assign values to variables, build functions and functions 

blocks. A statement can also be formed by variables, expressions, keyword and operators.  

In the following section it will be explained in details the Structured Text language main 

characteristics and elements. 

Figure 10: PLC programming languages 
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2.6.1  Program Organization Unit 

 

POUs are Program Organization Units, they could be used as programs, function blocks and 

functions. The definition of a POU allows its utilization for an almost unlimited amount of times. 

Every instance of a POU share the same code but has access to its private memory space. Itôs also 

important to highlight that no recursion is allowed inside POUs.  

 

 

 

 

 

 

 

 

 

 

 

 

POUôs can be defined in three different types: program, function block or function. 

Programs are known globally in the entire project and they are not instantiated. The variables of the 

program only exist once. Programs can be called in a task, so a task can call multiple programs and a 

program can call functions, function blocks or other programs. 

A function block has the following properties: 

¶ It can return multiple values. 

¶ It has a "memory"; i.e., the contents of variables are stored. 

¶ It requires an instance to be specified. 

A function instead has the following properties: 

¶ Returns exactly one piece of data (which can also contain multiple 

elements, such as arrays or structures) when it is executed. 

¶ Can be called in textual languages as an operand used in expressions. 

¶ Has no "memory"; i.e., the contents of variables are not stored. 

¶ Does not need an instance [3]. 

Figure 11: PLC's POU [3] 
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2.6.2  Syntax 

 
¶ Identifiers : formed by a sequence of letters and numbers, permit to distinguish between 

each name variable, struct or POU. 

¶ Keywords: the standard defines a set of keywords that could be for example VAR, VAR 

EXTERNAL, VAR ACCESS. Identifiers should not have the same syntax as keywords. 

¶ Comments: they are always put in between these characters: (* and *) 

¶ Predefined data: Int, Real, Time, Date, String, Bool. 

¶ Derived data: Struct, Enum, Range, Vectors [3] 

 

2.6.3  Access variables 

 

¶ Input memory location (I): memory where are copied the inputs relative to each input 

channel. Every index of the memory is related to a particular input channel. 

¶ Output memory location (Q): memory where are copied the outputs relative to each output 

signal. Every index of the memory is related to a particular output channel. 

¶ Internal memory location (M) : relative to the memory where are memorized the 

intermediate results of the computation (flag area) [2]. 

 

2.7  Task system 

 

A task is a self-contained, elementary control flow within a process. Each task has its individual state 

with program counter, memory stack, etc. 

Multitasking is the ability to perform multiple tasks simultaneously. The different processes are 

activated alternately in such short intervals that this creates the impression of simultaneity. 

 

The execution order is decided by a scheduler. According to a given strategy, it determines the order 

in which ready tasks are processed. The term "scheduling" refers to the corresponding strategies and 

methods with which the processing order of the task is implemented. 
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ctrlX DRIVE Technology Function supports up to three IEC61131 user tasks of the following task 

types: 

 

¶ Periodic task: It is characterized by a constant cycle time and It is started exactly once per 

specified period, i.e., the code is run exactly once in every time interval, provided the previous 

run was completed (in the case of time overflow and activated watchdog, the PLC is stopped 

with an "Exception" error status). 

If a periodic task uses up the allocated computing time and is still active when it should 

already have restarted, it is not restarted before the next period. This means the system does 

not attempt to "repeat" the lost cycle. 

¶ Freewheeling task: A freewheeling task runs constantly, It restarts immediately after the end 

of the task and there can only be one freewheeling task and it has to be created with the lowest 

priority 

¶ Event task: They are started by setting a global Boolean PLC variable and the start 

conditions are periodically checked. The reaction times are defined by the minimum possible 

PLC cycle time.  An event task is processed exactly once after the event (edge) occurred. 

 

The internal timing and the sequence of the processing of the individual tasks is managed via the 

so-called the task system. This means that:  

 

1)  Preemptive multitasking is supported. This allows low priority tasks to be interrupted by high 

priority tasks at any time. 

2) A maximum of three task can be simultaneously "active", because no more tasks can be created. 

3) There are three priority levels [priority 0 to 2 (0=highest priority)]. 

4) The tasks used must have different priority so that defined processing is obvious. 

5) Tasks of high priority interrupt tasks of low priority also during processing. 

6) If a low priority task is started, it may start running with a delay [8]. 

 

 
 

 

 



32 

 

 

 

Chapter 3 

 

Feedforward torque action 

 

3.1 Feedforward torque: purpose and models 

 

The position control of a motor made by an electric drive is usually realised by control loops using 

PID controllers to minimise the positioning or tracking error. 

                      

 

] 

 

 

 

 

 

 

However, if we know a priori what the theoretical torque required to make the motor perform a 

certain motion, we can inject this value into the drive to achieve far better performance, because 

then the control loops will only have to deal with compensating for small differences between the 

theoretical and the real system, while the prevailing action will be performed by the injected torque 

reference. 

 

 

 

 

Figure 12: General control scheme of a motor [11] 
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In the following, there will be explained firstly how the feedforward torque can computed and then 

how It can be handled by the CtrlX Drive control architecture.  

 

Two methods have been devised over time to calculate the torque values to be injected: 

 

¶ Feedforward based on master: The first, older and rarely used, assumes that the axis is in 

cam with a master axis turning at a constant speed and calculates the torque FF based on the 

master position and master speed. Given a .csv file, called torque file, for each cam that the 

slave axis has to make. Given a certain master position ὴ  and a master speed ὺ , the 

theoretical torque calculated at that position is: 

 

Ὕὴ ὅ ὴ ὺz ὅ ὴ ὺz ὅ ὴ  

 

Components C1, C2, C3 are read from the file. 

This method is called master-based torque FF and has several disadvantages: It does not 

work for a non-cam axis, It is not accurate when the master is accelerating, and It requires a 

torque file for each cam. 

This method is used today in complex kinematics where several axes work on the kinematic 

motion at the same time. 

 

¶ Feedforward based on slave position: In this case, only one file is needed, called the 

inertia file, which no longer refers to the master position, but to the slave position, and its 

columns respectively represent the inertia J(ὴ), the Jacobian (ÖJ(ὴ))/(Ö ὴ) (partial 

Torque Ref 

Figure 13: General control scheme of a motor with FF torque action [11] 
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derivative of inertia with respect to position) and the gravitational torque G(ὴ) for each 

slave position. So in this case the formula is: 

 

Ὕὴ ὐὴ ὥ
ρ

ς

‬ὐὴ

‬ὴ
ὺ Ὃὴ  

 

where ὥȟὺ,  are the angular acceleration and angular velocity of the slave axis, respectively. 

This technique is today mainly used in the G.D Spa company, and It has been consequently 

used for modelling the feedforward torque of the CtrlX Drive [11]. 

 

3.2  Feedforward torque on CtrlX Drive 

 

The control architecture of the CtrlX drive is given by a cascade of a position control loop, velocity 

control loop and current control loop (so basically a torque control loop).  

Since the motor moves following a law of motion with a position profile, It is convenient to operate 

with a position operation mode, where the interest is in the physical axis to be in a certain position 

at a given instant. Thanks to its control architecture, the drive can independently regulate its control 

parameters to reach the given target. 

 

 

 

 

 

Figure 14: CtrlX axis control overview 
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The generation of the feedforward torque takes place within the position control loop. 

 

 

By reading the commanded position and speed via appropriate parameters thanks to the fact that all 

drive parameters can be accessed in any moment, the biggest challenge is to develop an application 

program capable of using them to calculate the feedforward torque following the method of 

feedforward torque based on slave position presented before. 

G.D Spa in the past has already developed a library of functions capable of calculating the 

feedforward torque starting from the slave position. These functions require some characteristics of 

the motor load, such as the reduction ratio of the motor, the modulo information (usually 360°), the 

friction contribution and especially the inertia, Jacobian and gravitational contribute for any position 

assumed by the motor. 

All of these informations are contained within the inertia table file (.csv file), which must be opened, 

read and interpreted by means of proper functions with the aim of computing the feedforward torque 

contribution to be injected instant by instant. 

CtrlX drive provides the possibility to tune a parameter named ñAcceleration feedforward gainò in 

case of applications with constant inertia: this parameter describes the constant inertia of the motor 

load measured in mNm/rad/s2 and multiplied by the twice differentiation of the commanded position 

can return the feedforward torque for this special operating condition.  

Figure 15: CtrlX Drive position control loop 
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So in the particular case of motion with constant inertia, CtrlX Drive drive provides the possibility to 

compute the feedforward torque without the necessity to develop a PLC application program. 

But in case of variable inertia application, which occurs typically when a certain motion law for the 

motor load is designed by a cam, that parameter is absolutely not sufficient, because the inertia is not 

more constant and because It does not take into consideration the Jacobian term and the gravitational 

term. 

For addressing this task, It is necessary to develop a PLC application and to insert the result on the 

proper parameter expected by the drive. 

The functions developed in the past by the company for feedforward torque computation from PLC 

machine are not completely suitable, firstly because they use Beckhoff library functions instead of 

Boschôs library functions and above all because they do not exploit a second big benefit of CtrlX 

Drive. These new drives from Bosch, in fact, can be faster because the position, speed and 

acceleration informations can be read via direct parameter access, rather than extrapolated from a 

cam position. 

For this reason, it was necessary to process the previous functions and adapt them in a new application 

program to make them usable in the drive's on-board PLC. 

 

3.3  Feedforward torque application program 

 

The developed code was split in two tasks for a specific reason.  

As mentioned earlier, the law of motion for the load is currently provided via a file, but Bosch Rexroth 

has not currently developed functions capable of opening and reading these documents. 

To remedy this lack, which will soon be resolved by Bosch, It was decided to treat the contents of the 

file as a single string, the contents of which are first copied into an array in order to know its byte 

size, and then interpreted using the functions already developed by the software engineers of G.D Spa 

over time. In short, instead of processing a file directly, we are forced to copy that on a string. 

This is only a temporary solution for testing the drive: you cannot expect to have to put your hand in 

the code every time a new motor is connected to the drive. 

Reading and interpreting the content of the string takes a not negligible amount of time. Therefore, 

this init method has been designed to be initially executed by a Slow Task, leaving the Main Task to 

perform all the necessary calculations for the feedforward torque in a short time. 

After that initialization, the cyclic main task begins its execution. Before injecting the feedforward 

torque, It is important to check the initial position of the motor load. 
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The inertia file starts from an absolute position of 0 degrees, but the motor can initially be in any 

position. 

This means that if, for example, the motor is initially at the 35 degrees position, the task processes 

and injects the correct torque for the 0 degrees position intended by the inertia file designers. 

Therefore, the task delivers the wrong torque, lagging behind the correct torque. 

This limitation arises from the fact that the installed firmware cannot read the position of the absolute 

encoder, but only the incremental encoder. 

To solve this problem, for a limited number of cycles of the motor, for example 60 cycles, the task 

calculates the displacement between the positions at which the maximum actual torque acting on the 

drive and the theoretically calculated maximum torque occur. This resulting position offset is 

therefore taken into account to know the position of the motor when starting injecting torque. 

In the final chapter dedicated to laboratory tests, this problem will be presented in more detail through 

some plots.  

 

Obviously, It is the speed of the Main Task that we are interested in, as this is the task that runs 

cyclically to provide the suitable torque for the motor load. Using Bosch library variables capable of 

counting the task execution time, we verified that feedforward torque is calculated and injected in a 

1ms cycle, which represents the maximum speed of the firmware currently available and installed on 

the drive.  

This speed is the same as the execution speed of the machine's TwinCAT PLC, net of the EtherCAT 

delays that do not exist with CtrlX Drive. 

In the coming weeks, a new updated firmware is expected to be released by Bosch Rexroth with 

control loops that will allow cycle times up to 250ɛs and will represent a great leap forward in terms 

of performance. 

In the following picture there is represented a block diagram summarizing the all application program. 
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Figure 16: PLC application block diagram 
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Chapter 4 

 

CtrlX Drive access options 

 

 

To be able to access to the drive parameters or inputs/outputs and sensors evaluated by the drive or 

other drive interfaces from the PLC program, the ctrlX DRIVE Technology Function provides the 

following options: 

¶ Parameter access function blocks for easy access to single parameter values 

¶ Direct variables for fast parameter access  

 

4.1  Access via function blocks 

 

The most intuitive way to access drive parameters is to use specific function blocks to perform read 

or write operations. CtrlX Drive provides dedicated FB tools for such operations. 

The function block for reading a drive parameter is called IL_DriveReadParameter, which receives 

as input: 

 

ü Device [DEVICE_REF]: for addressing the logical device. 

ü Idn [IL_EIDN]: parameter ident number to identify the proper parameter. 

ü ValueOut [ANY]: support variable to which the read value is written. 

ü TimeOut [TIME]: timeout monitoring the function block. 

 

As output, the function block writes on the ValueOut variable given at input the read value and gives 

information about the attribute of the parameter: 

ü Attribute [DWORD]: parameter attribute 
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Very similar is the function block which allows a value to be written to a drive parameter. 

Named IL_DriveWriteParameter, it is characterised exclusively by the following inputs: 

 

ü Device [DEVICE_REF]: for addressing the logical device. 

ü Idn [IL_EIDN]: parameter ident number to identify the proper parameter. 

ü Value [ANY]: value to be written to the parameter. 

ü TimeOut [TIME]: timeout monitoring the function block. 

 

 

In the company's laboratory, the reading of parameters via function blocks was tested.  

As can be seen from the graph below, where the red curve represents the actual position of the motor 

and the blue curve the value reported on the support variable to take the reading, it takes 4 cycle times 

(i.e. 4ms with this firmware) to update the value of the current motor position [9]. 

Figure 17: IL_DriveReadParameter function block [9] 

Figure 18: IL_DriveWriteParameter function block [9] 
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                                                                       Figure 19: Parameter access with function block 

 

4.2  Access via direct variables 

 

Another way to process parameters easily and quickly is accessing them via direct variables, which 

is a very great advantage of these innovative drives. 

When using direct variables, read and write access to parameters is possible in the PLC program and 

It provides the following advantages: 

¶ Simple syntax thanks to a simple and clearly structured programming in PLC, so no 

complicated function block call. 

¶ Faster parameter read and write access. 

¶ Optional parameter access that can be changed during runtime. 

 

It is important to say that direct variables must be declared in the variable part with the matching data 

type, and the declaration must not take place in functions or methods but only in global data or 

instances. Moreover, the processing time for reading and writing list elements is only marginally 

slower than for single parameters. 

There are three different data types of direct variables that can be used for the parameters. Of course, 

the correct data type has to be used, depending on the parameter attribute.  



42 

 

The following table shows the attributes of the available parameters and their matching direct variable 

type [9]: 

 

 

 

 

 

 

 

By testing this access mode in the laboratory, it was possible to appreciate a considerable 

improvement in access times to the variable, with the latter being read with a cyclicality of only one 

ms, as reported in the next picture. 

 

 

                                                                         Figure 21: Parameter access with direct variable 

                                                                     

With the clear results provided by the test, access via direct variable was consequently chosen as the 

main way to access all drive parameters required to calculate FF torque. 

All parameters accessed via direct access are listed below: 

 

¶ P-0-0434: position command value of controller. Being in position control mode operation, 

this parameter describes the commanded position in any instant of time.  

Figure 20: Data type of direct variable [9] 
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¶ P-0-0454: velocity feedforward actual value. It is given by the derivative of the previous 

variable. 

¶ S-0-0348: acceleration feedforward gain. This parameter has the dimension of an inertia 

expressed in thousandths, so mNm/(rad/s2), and can be used when a constant inertia of the 

load is available. By multiplying it to the command acceleration, obtained by means of the 

velocity time derivative, you can find the feedforward torque in case of constant inertia load. 

This parameter has been used for the first tests, before the insertion of the inertia table. 

Defining It, the drive is autonomously capable to compute the torque for this operating 

condition. 

¶ S-0-0081: additive torque command value. This is the parameter on which it is written the 

feedforward torque computed by the on-board PLC. 

¶ S-0-0533: that is the motor nominal torque. Many parameters, such as the S-0-0081 are 

expressed in terms of percentual with respect to the motor nominal torque. So knowing this 

value is strictly necessary for the computations.  

¶ S-0-0084: torque feedback value: this parameter has been accessed in order to perform the 

comparison with the computed feedforward torque. 

¶ S-0-0386: active position feedback value: parameter required to calculate the minimum 

effective torque for determining the offset. 

¶ S-0-0535: active velocity feedback value: as before, It is a parameter required to calculate the 

minimum effective torque for determining the offset. 

¶ S-0-0164: active acceleration feedback value: the last parameter required to calculate the 

minimum effective torque position for determining the offset. 

¶ S-0-0189: tracking error actual value: position tracking error given by the difference between 

the command position (P-0-0434) and feedback position (S-0-0386). 

¶ S-0-1305.0.2: the system time: It is useful to check the cyclic time of the overall task.  

¶ P-0-1376, P-0-1377, P-0-1378, P-0-1379, P-0-1380: global PLC registers for general 

purpose: they are drive parameters that can be used as desired in the PLC program for data 

management and/or communication between the ctrlX DRIVE Technology Function and 

external devices such that the external PLC TwinCAT.  

These registers allow the performance of the CtrlX Drive to be compared with that of the 

external PLC for what concern feedforward torque injection and tracking error. 
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Chapter 5 

 

Experimental tests 

 

The most important step in the evaluation of a new product is the assessment of its actual 

performance in the laboratory. 

The new drive was tested in the company's Experiment Laboratory, where tests were carried out on 

the cigarette packet collar cutting motor and comparisons were made with the performance of the 

central PLC. 

 

5.1  Cigarette packet collar cutting motor 

 

The collar is a paper present in all cigarette packets which, in wrapping the cigarettes, provides a 

contrast to the packet closure and strengthens the structure of the container. 

 

  

 

 

 

 

 

 

 

 

 

Figure 22: Cigarette packet collar 
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This collar can take different shapes depending on the format of the package, so the motor that cuts 

it to make the shape can follow various laws of motion or cams. 

Below is the paper-cutting motor for producing the collar on the test bench during testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Cigarette packet collar cutting motor 
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5.2  Feedforward torque test 

 

The first evaluation performed was obviously the calculated and injected torque on the drive.  

The CtrlX Drive software allows scopes to be tracked by comparing the performance of variables 

identified by precise ID addresses.  

The graph below shows the comparison between S-0-0081 and S-0-0084. The former (red in the 

pictures) represents the feedforward torque injected by the application developed on the on-board 

PLC, while the latter(blue in the pictures) describes the trend of the overall torque acting on the drive.  

Two cams were tested, i.e. two different motion profiles with different speeds. 

These are the results of the first cam at engine speeds of 350rpm and 600rpm.  

The lowest time interval possible, i.e. 1 ms, was chosen as the cycle time. 

 

 

Looking at the tracking error, one can see the great benefit that the forward action is able to bring on 

the quality of the control action. 

 

 

 

 

 

Figure 24: Torque feedforward for cam n°1 at 350rpm 
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Figure 25: Position tracking error for cam n°1 at 350rpm without FF torque 

Figure 26: Position tracking error for cam n°1 at 350rpm with FF torque 
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It can be seen in the following that at high speed there is greater torque absorption, and this helps to 

cancel out the background noise produced by the drive's control loops. This is why at 600rpm the 

torque has a less discontinuous and more linear trend. The irregular pattern is due to the regulation of 

several factors, including interference. 

 

At this higher speed, there is a slight increase in the tracking error, which however remains contained 

to very small values.  

 

Figure 27: Torque feedforward for cam n°1 at 600rpm 

Figure 28: Position tracking error for cam n°1 at 600rpm without FF torque 
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Changing the cam, the result remains great. In fact it has been also tested a different law of motion at 

the speed of 400rpm. It is important to remember that different cams correspond to different 

maximum speeds. This is because high current draw by the motor that can cause overheating is 

blocked by the thermal model of the drive. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: Position tracking error for cam n°1 at 600rpm with FF torque 

Figure 30: Motor temperature model [6] 
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These are the results for the second cam at 400rpm. Most likely there is a saturation problem. The 

drive has both static current limits (for example the maximum current tolerated by the motor) and 

dynamic limits that depend on the thermal model of the motor\drive. In this case, since it is 50% of 

the nominal torque of the motor it is almost certainly a problem of sizing of the drive which is not 

sized correctly with respect to the application. 

 

As before, it is interesting to evaluate the benefits of the feedforward torque in terms of position 

tracking error. 

 

Figure 31: Torque feedforward for cam n°2 at 400rpm 

Figure 32: Position tracking error for cam n°2 at 400rpm without FF torque 
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Subsequently, the same torques have been evaluated again with a new cyclicity of 2ms, in order to 

evaluate if the PLC cyclic time plays a role in the definition of the torques. Here is the test on the 

previous cam at a speed of 350rpm. 

 

Figure 33: Position tracking error for cam n°2 at 400rpm with FF torque 

Figure 34: Torque feedforward for cam n°2 at 350rpm with cycle time 2ms 
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Qualitatively, one can see that the torque has a more discontinuous, stepped trend, because 

compared to before, the update of the ideal torque occurs every two task cycles. Therefore, this 

behaviour was predictable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Obviously, by raising the cyclicality of the task at 2ms, the position error tends to worsen. 

 

Figure 35: Torque feedforward for cam n°2 at 350rpm with cycle time 2ms 

Figure 36: Position error for cam n°2 at 350rpm with cycle time 2ms and FF torque 
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One of the problems encountered was the reference system. As explained in previous chapters, the 

drive is able to read position via an incremental encoder, so the zero position seen by the drive 

represents the generic position of the stationary motor. On the other hand, the zero position of the 

inertia file is understood by the technical department as a precise position of the knife performing the 

cut. 

Therefore, without the identification of a common reference system, the two curves had a position 

offset. The offset problem was solved by developing a precise function called ñget_position_offset()ò 

that would take care of this task before calculating the feedforward torque. 

 

Figure 37: Position error for cam n°2 at 350rpm with cycle time 1ms and FF torque 
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5.3  Comparison with central PLC TwinCAT 

A very interesting analysis is the performance comparison with the TwinCAT central PLC. In 

particular, since the currently available firmware allows control to be implemented at a cycle time of 

1ms, which is equal to the maximum cyclicality of the central PLC, it was deemed appropriate to 

compare the performance of the two control modes. 

 

Figure 38: Torque feedforward with position offset 

Figure 39: Comparison with TwinCAT central PLC with cycle time 1ms 
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In the scope above, feedforward torque injection was compared. As one might expect, the two 

waveforms have a superimposable quality trend, as they calculate torque using the same parameters 

and functions. 

Looking in detail, however, it can be seen that the torque supplied by the central PLC is slightly 

delayed by fractions of a millisecond. 

This behaviour is quite predictable: driving the control action from the TwinCAT PLC, the EtherCAT 

communication protocol is used to connect to the drive. Although the latter is very fast, it causes 

slight delays in communication compared to the PLC of the CtrlX Drive, which, being on-board the 

drive, does not cause any waiting time for the transport of information. 

  

 

 

It is also interesting to see how the cycle time set for the control can influence the effectiveness of 

the action. In fact, the cycle time was set to 2ms, with the following results. 

As can be seen, there is also a rather discontinuous trend on the TwinCAT PLC side. 

 

Figure 40: Comparison with TwinCAT central PLC with cycle time 1ms 
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Generally, however, since the law of motion is known in advance by the TwinCAT PLC, it can 

calculate and inject torque in advance, balancing the communication delays.  This technique is called 

compensation technique and is typically performed with an advance of 2.25ms. 

Therefore, comparing torque injection with this compensation and that from the on-board PLC, a 

similar result can be obtained. 

The advantage of the on-board PLC, however, is that at any given time the calculated torque is 

determined by the current parameters, whereas the TwinCAT PLC side works on theoretical 

parameters 2.25ms in advance. This means that you have an interval in which the PLC is blind and 

cannot react quickly to unexpected or asynchronous events such as an emergency stop. 

 

Figure 41: Comparison with TwinCAT central PLC with cycle time 2ms 
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5.4  Asynchronous events 

 

In order to verify reaction times in the case of asynchronous events, the emergency STOP was 

considered. 

The need to carry out this test is dictated by the fact that from the TwinCAT PLC it is possible to 

command the law of motion and consequently, when this is known, to provide a torque with 

compensation, the torque being calculated in advance by a certain period of time, which in our case 

is 2.25ms. 

This on the one hand is an advantage because it allows you to anticipate the calculations, on the 

other hand it makes you vulnerable to unforeseen events in those 2.25ms. 

This is not the case with CtrlX Drive, as it can only calculate torque using the current commanded 

values. 

To appreciate the effects of compensation more easily, 2ms was set as the cycle time and a 

comparison was made with the TwinCAT PLC. 

In the following scopes, the red curve represents the torque generated by the new drive while the 

green curve is the torque from the TwinCAT PLC. 

 

Figure 42: Comparison with TwinCAT PLC with compensation at 2.25ms 
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 If we look in detail at what happens at the transition between nominal behaviour and STOP, you 

can see that the torque from the TwinCAT PLC starts its descent later and more rigidly than the 

forward torque injected by the on-board drive PLC. This delay in action is related to the fact that the 

compensation interval, which allows us to calculate in advance the torque that will be injected, 

prevents us from acting quickly in the event of unforeseen events during its duration.  

 

Figure 43: Feedforward torque in emergency stop 

Figure 44: Feedforward torque in emergency stop 
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In particular, when faced with an emergency ramp, the central PLC behaves as follows: the axis is 

uncoupled from the master, it no longer cams, the torque feedforward is calculated on the basis of 

the acceleration commanded to the motor, and the possibility of anticipating torque is lost, so the 

torque feedforward to the motor is affected by the various delays and arrives at the drive after a few 

cycles. This is why the green curve in the graph reacts later than the red curve. 

The CtrlX drive, working on the values commanded instant by instant, is instead more ready to 

handle these asynchronous events. 

Next, it is possible to appreciate the different course of the tracking error in the two different cases. 

In particular, it can be seen that with both possible control solutions at the STOP instant, error peaks 

of very similar amplitude are generated, but with the on-board PLC drive, the error cancels out 

faster.  

 

 

 

Figure 45: Tracking error in emergency stop with on-board drive PLC 
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5.5  Computing power saved with decentralised control 

 

A final quantitative analysis is the evaluation of the actual reduction in execution time of the 

'axis_cyle' method of the TwinCAT central PLC that controls the overall motor control with or 

without forward action. 

The interesting data to be noted is the AverageExecTime, which measured in us shows a reduction 

of 2-3 ɛs due to the forward action. 

 

 

 

 

 

 

 

Figure 46: Tracking error in emergency stop with central TwinCAT PLC 

Figure 47: Axis_cycle method execution time without feedforward torque 
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This parameter describes the computing power saved for a physical axis. 

For a medium-sized machine with 50 axes you get about -100/150us which with a cycle time of 

1ms means -10/-15%. of computing capacity saved. 

The tests were measured on a high-end Beckhoff CPU, which is one of the highest performing 

today. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48: Axis_cycle method execution time with feedforward torque 

Figure 49: Laboratory Beckhoff PLC properties 












