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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 driveassesrom the idea of integrating a real Plo@ board the drive

in order to be able to realisast automation tasks with a single deviaedlighten the load on the
central PLC.

Using programmable drives does not necessarily mean not having a machinengdré@d in
complex automationghey cansimplify 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 guaFamtbatreason,
these drivesare equipped with a field busterfaceto be able to communicate with thein PLCs
on the market based on Et8&T, Profinet, Modbus TCP/IP, Canopen and Modbus RTU.

The interest in this new family of driveerivesnot only from the availability ofraon-boardPLC to
perform control tasks, but rather from the ability to perform these tasks with sigryfitzesttr cycle
times

The thesis project, carried out and developed duringtamshipperiod within the Line Control &
Software Engineering team of the multinatiormmpany G.D Spa, is concentratedon the
performance analysis, validation and data colleabibtihe feedforward torque injectian thenew
onboard PLGequipped drives proded by the Bosch Rexroth comparslledCtrlX Drive.
Feedforward torque injectioexecutedoy the machindLC typically have a cycle time of no less
than 1ms due to delays associated with EtherCAT communidagiwreen PLC and drive. Instead,
with CtrlX Drive it is possible to work with cycle times of up to 28Qwith obvious advantages in
terms of speed of acim and consequent position eradithemotorload

The evaluatiorof the performancesf this decentralized architectubave been dongrough the
development of ELC application capable giroperlycomputingthefeedforwardorquefor the load
using pior knowledge in terms of torque contrahdinjectingit by means of the methods guaranteed

by the driveds architecture.



In CtrIX Drive, task programming on the droard PLC is possible via the weknown Codesys
development environment, using typical automation languages based on the IEC3 &tdaBdard

and libraries for accessing rdahe drive parameters such as position, speed and acceleration.

To datethe companyhas always controlled the drives, and specificafliculatecthe feedforward
torque, via the machine's TwinCAT PLKy developing applications to achieve this.

These applicatiorsctuallyare not entirely suitable for operatinga@Bosch Rexrotls' onboard drive

PLC, because first of all they rely on Beckhoff libraries, and then they do not take advantage of the
benefits of being oioard the drive, such as accessing parameter readaigsh way.

The goal of the thesis project is to test thd>CDrive on a mechanicaystem used in the automatic
machins produced by the company, comparing this decentralized solution with the centralized
solution of using the singular machine Phg means omanylaboratory tests.

The first chapteof the thes introduces the IPCtechnology providing anexplanation on whyoday

is preferred to the PLC. The TWOAT 3 automation software is then presenteith a special
attention on EtherCAT protocol of communicatibighlighting the limits of this technology in terms

of drive control.

Known the limits of the TwinCAT motion control, in the second chapter the focus the
presentation of CtrIX Automatiotechnology, with a technical description of the devices needed to
implement the feedforward torque. Thbapter ensl with the description othe PLC firmware
function andStructured Text Languagehat 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 logp control
how It is implemented by ® Spacompanyand how the CtrIX Drive control architecture treats it

Given these bases, there are explainedrtaim characteristics of the code developed for achieving
the desirecontroltask.

The fourth chapter shows the tests performed on the laboratory to thargpm 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 @ttng the new drive on a motor to be controlled of a
G.D Spaautomatic machine. In particulrereare shown the differences between the feedforward
torque commanded by TwinCAT and CtrIX Drive, the problem of torque wave offset, the comparison
between tk drive actual torque and injected feedforward tortjue improvement of thiacking

positionthanks to the feedforward actidaring nominal conditions and during asynchronous events.



In addition, estimates were made on the saedputational capacity of the central PLC due to the

decentralise@rchitecture.
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Chapter 1

Industrial PC technology

1.1 PC based control systems

Back in the 1970s, PLCs were a gaomanger for automation systerdssigned to replace relay
panels and switch boxes. Throughout timeCFilsave been upgraded with a more rugged design,
scalable features, and programmable systems.

In addition,aprogramming language, known as ladder logic, a@RLCs to be highly custnizable

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

On t he ot her hand, nmahydimitations,enaicly oo the céhip@idgpowera u s ¢
leading toan inevitablelow performanceof the automaticmachineswvhich could not increase

too muchtheir operational speed

For those reasondhd development aindustrial RrsonalComputers [PCs) 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 supervisormteol that PLCs offer, but with more workloads such as
HMI, gateways, Al applications, and mofiéheyare able to perform these workloads' consolidation

because of the performance accelerators redtice hardware footprint within the factory flogt].

11



Figurel: Beckhoff Industrial PQG][

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 RBaraterized by the highest

quality and are used successfully worldwjd@g

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 at@ail&i€Es,
that are designed specificaliyly 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 IB@h as Windows and Linux are susceptible to
cyberattacks, but current antivirus software and firewalls are advanced enough to mitigate this
risk.

12



2) Programming: The next difference between industrial PC and PLC is how programs are
developed and executd@lL Cs generally implement a sehased program execution, whereas
industrial PCs are typically evedtiven software.

For instance, 8LC software logic is specified in the IEC 6113%tandard like ladder logic

or other proprietary vendor languagescdémtrast, industrial PCs function on the wailown
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 fadamentals 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 aretty 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 madhastrial PCs are

equipped with multiple COM ports and other 1/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 bwith expansion slots to increase their
versatility. Hence, industrial PCs have a higher threshold for the amount for 1/0O they can

handle.

6) Processing Power & StorageSince PLCs' microprocessors are designed specifically for a
dedicated function, PLCs apewerful controllers for automation controls. PLCs can manage

high-speed 1/0 and have no problem tackling smaller automatomtications. However,
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automation projects are getting more advanced and compute heavy. This is where industrial
PCs come in. Inastrial 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 ingtrial PCs have a higher initial cost. However, as the
applications get more complex and compute heavy, the cumulative cost of PLCs may exceed
industrial PC42].

1.3 TwinCAT

A key element of Beckhoff's RGased control technology is the TwinCAlitomation software
(which stands for 'The Windows Control and Automation Technology'), which can turn almost any
PC-based system into a reihe control system, with a cycle time of up to 100 microseconds.
TwinCAT transforms basicallany PGbased systermto a realtime control system allowing the
integrationof 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 principlas open and
highly scalable control system.

The basis of the system is represerigdhe control intelligence that is implemented on a single
software platform divideihto engineering and rutime. It is also possible to flexibly extend both
engineeringand runtime software by applicatiespecific modules also known as Functions.

In this way it is possible to perfectly adapt TwinCAT system in order to suitiradiyidual
requirement.

TwinCAT XAE ((eXtendedAutomation Engineeringpllows hardware to berpgrammedand
configured in a single engineering toth. addition to the IEE€6113%3 programminganguages,

C/C++ and MATLAB®/Simulink® arealso available for programming.

The tool alsaffers integrated debugging options for gregram code andiagnostic functionalities
for the control hardware. Functions are availabl#exibly extend the basic engineering to include

additional functionalities such as a softwaseilloscope.
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TwinCAT XAR (eXtended Automation Runtime) igeattime-capable ratime in which the

program codean be executed to control the field level of the mackihe

1.4 Reattime capable scheduling

The application program itself can consist of several program blocks, which in turn call other
programs orfunction blocks etc. (see also IEC 61131standard). The program blocks can be
assigned to redlme tasks, which in turn call them with a cycle time to be defined and a defined
priority. TWinCAT 3 RealTime supports the followingeatures in order to meet the vegments

described for the control of industrial processes:

A Rtama tapable scheduling
A Parallel execution of processes

A Direct hardware access

In addition, TWinCAT 3 Realime also offers mulicore support to meet the evacreasing
demands fohigh-performance and flexible/expandable control platforms. The available cores can
either be use@xclusively for TwWinCAT or shared with Windows. In the following, the cores are

therefore referretb as "isolated" or "shared.

TwinCAT 3 RealTime works with the doubletick method. This means that both switching to-real
time modeand switching back is triggered by an interrupt. The interrupt when switching to the real
time mode alsatarts the scheduling at the same time. After an adjustable period phtithe latest
after 90% of the satycle time, TwinCAT switches back to "shared" cores in-reattime mode, so

that the guest operatigystem has sufficient computing time available to comply with the response
times required for hardwafanctions etc.
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Figure2: Exemplary representation of the call of a PLC sk [

The figure above shows the call of a PLC task. After thetiea tick has occurred, the PLC task is
called by thescheduler. This makéke current input values available to the PLC application (input
update), followed byprocessing of the application program (cycle update). Finally, the results are
written to the outputs (output update). Once this has been completed, the device switohes t
reattime mode (doubktick). As shownin 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 a which task a bus system is driven, this can cause the sending of the bus telegrams to
vary to the samextent.

When switching between reaine mode and nonreaime mode, the preceding process state is
restored, as described ungeeemptive multitaskig.

The restoration takes some time, depending on how intensively themeand nofreaktime
programsuse the memory and in particular the cache. In ordelirtonate these temporal effects,
TwinCAT 3.1 RealTime allows cores to be isolated from the guest operating system. This
eliminates the need to switch baoksulting in more computing time for the ré@he user program
and better redime quality (les jitter) byavoiding the time effects associated with restoring the

"old" process statf].

| ' I:I Reading Inputs
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ f . Execution

. Writing Outputs

Base Time —— pBase Time —p

Figure3: Calls with isolated cored][
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1.5 EtherCAT protocol for motion control

EtherCAT (Ethernet for Control Automation Technology) is a hpgrformance Ethernet Fieldbus
technology that provides a reliable, efficient, and -effgctive communication solution for a wide
variety of industrial automation applications. Originally developedamasopen technology by
Beckhoff Automation in 2003, and subsequently turned over to an independent organization known
as the EtherCAT Technology Group,has since become one of the most widely used industrial

Ethernet protocols in the world with over 600member organizatiofig.

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 andeigmg data back from them. In addition to madteslave
communication, EtherCAT also supports mastemaster and slavi®-slave communicatiomnd

supports many different types of devices such as sensmesntdalised/O, actuators, motors, and

othercontrollerg[5].

MASTER

Figure4: EtherCAT protocob]

The EtherCAT master sends a telegram that passes through each node. Each EtherCAT slave device
reads the data addr ésedsetddata m thé framdias the ftatmesis nioliing 0
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 Etherne

technolgy 6 s f ul | duplex feature.

Compared to other Fieldbus technologies that have notoriously long lead times and limitedshigh
hardware options, EtherCAT has emerged as a populaeffestive choicevhich can reduce costs
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from a maintenance amdbwntime perspective thanks to its reliability and hardware replacement

options.

One of the main advantages of EtherCAT is its f8ghed and lovilatency communicatiorts unique

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

cannot be matched by other Fieldbus technoloileseover, he topology design makes cycle times
deterministic and allowt to be suitable for hard reéime requirements.

Ether CATOs flexibility, istxnakeptt clearmcheice fqolagbpkea r ma n
and safetycritical applications such as medical robotics, testing and measurement, machine tools,
and factory automation.

Additionally, the technologhas many useful and convenient error detection and diagiestures

built in that make troubleshooting and maintenance fast andeeamydetection and diagnostics play

a major role in determining a machineds avail
EtherCAT includes the ability to scan and compheedctual network topology with the configured
topology during bootip. 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 herCAT 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
di sturbances before the issue i mpacts the mac
TheSlave Confller 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 nodegoanecth 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 orig
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 tyclically 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 reaenuoexpected
behaviar with help from status and error information from the nodes as well as the Link Status.
Thanks to Ether CAT6s unique principle of band
than industrial Ethernet technologies thaé single frames, the likelihood of disturbances induced

18



by bit errors within an EtherCAT frame is substantially lowef the same cycle time is used. If
much shorter cycle times are used, the time required for error recovery is significantly redused. Th

it is also much simpler to address such issues within the appli¢ation

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 reaahésitdn of many devices both in send and
receive direction, the usable data riateery high[5].

Typical values for the necessary cycle timesbigween 1 and 4 millisecondsvhen position is
specified cyclically, with position control in the drive. Onecrasecond is often quoted as an
adequate value for synchronicity in drive technology.

For this reason, when possible It can be convenient to adopt drives withbaarohPLC able to
regulate directly the control of the connected load, without passiogghran EtherCAT master. The

time gain can be very high.

02292 .

{HHEH

Figure5: EtherCAT protocol in automation framewoBsk [

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 rénventing the wheel, EtherCAT uses proven technology for this purpose.

EtherCAT in fact introduces multprotocol capability, consolidaig the different protocols in a

standardised mailbox. This enables quick and full conversion of existing devices to EtherCAT. The
19



protocols relevant for drive technology @&Nopen over EtherCAT (CoBhdServo Profile over
EtherCAT (SoE)Theyenable the advantages of EtherCAT in terms of transfer characteristics to be
combined with proven, profilspecific drive functions.

TheServo Profile over EtherCAT (Sopfotocol enables the proven SERCOS device profile to be
used, which is tailored fatemanding 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, CtrIX drive has an EtherCAT interface available tlsese protocols have not been used for

the thesis applicatiofb].
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Chapter2

CtrIX Automation Technology ctrIX

AUTOMATION

In the previous chapter, EtherCAT technology was presented, showing evidence of its high degree of
importance fomutomated systems.

Furthermore, it wagxplainedhow 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 divdmiigrd 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 CtrIX Automation,

which will be presented in this second chapter.

2.1 CtrIX Automation

Bosch Rexroth hadeveloped a new automated platfotinat integrates automatipmformation
technology and the Internet of Thingso a completely open systemamedctrlX AUTOMATION.

It is based on a software architecture that harnesses all the bengRt8 téchnologywith the main
advantagehatconcernsn cost of design, whicks reduced by between 30 and 50 per cent.

For a long time, programming amdorein general theautomatiorapproach has had to adapt to the
world of mechanicatiesign. With the continuouscreasing need to connect both with machames
factory IT, It is requestedo manage an increasing humioétasks not strictly relatet the actual
automation functionsOne example: robotics and handling hawecome keysciencesin the

manufacturingsector because they are ableojtimise recurring production processesaying
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resources and increasimgproducibility. However, these afanctions that are very difficulto

standardisén automation.

In order to allow a high degree ofistomisationctrIX AUTOMATION is anopen platfornmuseful

asa new ecosystem famdustrial applicationsSoftware developersandevelop ananake industrial
applications available ithe mostpopular programming languagesaking possible thprodudion

andthe combiration of machinefunctions using any programming languageile protecting their

know-how [6].

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

world of automation. However, if we consider the needs for machine availability, safety, technical
support and costaving that characterize today's market increasingly marked by the dimension of
connectivity and digitization, we can stipat this system has reached its physiological limits. This
is why more and more companies in the industrial sector are seeking the benefits dfdsadx
solutions that enable them to connect control systems to drive systems such as ctrlX
AUTOMATION.

Rigid operating systemandclosed standardserethe landscape that characterized the automation
world until yesterday. With digital transformation, however, users' needs areechdhg scalable
ctrlX AUTOMATION platform introduces new standards in thexible design of centralized or
decentralized automation types. This is made possible through gaegraltiestherealtime Linux
operating system, the total degree of system opennesgedpmology, wekbased design, and
comprehensive 10T connectiyitapabilities.

Moreover, the CtrIX platform preserdagractical design software and toollmaledctrIX WORKS,

where allcomponents can be seamlessly integrated together and put into operation vef@leasily
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Figure6: CtrIX AUTOMATION architectuég

A very great benefit of CtrIX is that ifsers want to protect their knewow, trey 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 sgngscan also

use thirdparty apps. For example, ctrIX CORE is compatible with the CODESYS SoftMotion app.
Third-party apps such as reatyuse camera apps, for example a vision app from HD Vision, and
HMI solutions such as the Smart HMI WeblQ app are aisilable and n this way, users can draw

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

Actually, dfferent combinations are possible: ctrlX CORE can be used as a corbamdled solution,

by inserting it as a starlone component within a system architectorantegrated directly within

the ctrIX DRIVE. This second solution is the one adopted by Spacompany and can be adopted

for bothsingleanddualaxis applications.

In the past Bosch Rexroth has developed a similar solution of drives with-lzmaoh PLC called
IndraDrives, but they were eligible only for singlris applications and so cedered not of great
interest by the company.

Communication betweethe core ¢trIX CORE) andthe drive(ctrlX DRIVE) is via EtherCAT the

widely used fieldbus in industry that provides a large ecosystem. Standardized design also allows
control systems toeébconnected to drive systems.

In the following, the characteristics of the devices are presgbited
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Figure7: CtrIX AUTOMATION devicé [

2.2 CtrIX CORE

The ctrlX CORE control hawareis amulticore processor thatrovide S

sufficient computing powefor all automation tasks: fronPLC and
motion control applications to CNC andobotics. These high
performance CPUsan be integrated embeddedystems (ctrIX CORE),
in industrial PCgctrIX IPC) or directly in drives (ctrIX DRIVE).

In particular, they are 64 Bit Qu&éior e ARM CPUOG s .

At the same time thisontrol system is capable of easily meeting t

demands of the IT or IoT worldequirements that continue to greoday

with the increaséigitisation and automation.

In its compact versiorGtrIX CORE can cover up to 70 percent of gene

automation applications.

From general automation to higlerformance motion control, the _
Figure8: CtrIX Corell0]

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

The advantages of ctrlX CORE are:

1 High-performance mulcore processor
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1 Always upto-date software architecture thanks to regular updates of the LINUX Ubuntu Core
system In automationapplications LINUX is preferred for itgreater openness and
configurability, flexibility, security and stability.

Compatible with the EtherCAT ecosystem

Multi-Ethernet connectivity

Secure and flexible software scalability through apps

= =2 =2 =

Optimized control foeach applicatiofil (]

2.3 CtrIX DRIVE

The ctrIX DRIVE with integratedontrol system i®ne ofthe most compact
modular drive systems the world

The drive combines optimum dynamics with precision of position, speed
torque values. It therefore not only offespacesaving dimensions anc
maximum scalabilitybut also guarantees the user an almost unlimited nur
of combinationssophisticated engineering tools and a high degree of en
efficiency.

ctrIX DRIVE is a possibleanswer to the challenge widay'snecessityf being
able to realise machines asmaller and smaller: this is why thgstem is much
more compact (up to 5fer cent) compared to the previous range ather

companyproducts.

The technologyintegrated DGbus connector technology reducadditional
components and enablesergy balancing thanks to the DGspihis optimises H'9ure% Ctrix Drived]

energy consumption and redugesver loss.

The range of drives includes compact drives, modular ame tweaxis drives, DC/DC converters,

standard and regenerative mains power modiiless benefits are:

1 Dimensions:he smalfootprint 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 makis modular concept, the solution is petfiec
control cabinets with a depth of 300 mm. The efficiency of the devices enables a 30% increase

in torque.
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1 Scalability: Designed around adaptability, the system allows the use of customized solutions
with peak currents from 6 A to 375 A. Thequired power is always available, even for
modular machines with power ratings up to 260 RWanks to the muliEthernet and muki
encoder interface, the drives follow the principle of openness and flexibility. CtrIX DRIVE
can integrate CtrIX CORE, adtt+performance decentralized intelligence.

1 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 motiowlsition integrated into the ctrIX DRIVE drive, to
the ctrlX SAFETY solution integrated into the controller for complete machine safety
management. With its high level of safety (SIL3), ctrIX DRIVE fits seamlessly into any safety

topology[7].

2.4 CtrIX PLC Engineering

CtrIX PLC is an app available on the toolkit CtrIX Works tleaterages the openness and accessibility

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

CtrIX PLC prioritizes ease of usaith the IEC 61134compliant tool, learning and programming
automation tasks are immediate.

Inside are all the toolseeded for programming atids possible tareatethe PLC programthanks

to theselection of CODESYS adahs for multiple tasks.

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

thesis.

The ctrIX DRIVE Technology Function is the PLC firmware function that alloustomized PLC
programs to be used in th&is processor of the ctrIX DRIV@rive system.

The runtime system of the drimetegrated PLC (ctrIX DRIVE Technology Functios)part of the
drive firmware with its functions and interfaces.

The control options of the driviategrated PLC are devigeternally limited tothe axis.

Themain features of the ctrIX DRIVE Technology Functame:

0 Programming functional e n h a R3dasedem dormprehensiva ¢ ¢ o

standard libraries and additional libraries
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0 Commanding the axis withbhdigeccess to the devi
0O Direct access to al/l drive par abloekd er s via d
0 Access to digital and anal odg8 inputs/ outputs

2.5 IEC 611313 languages

The PLC in ctrIX DRIVE is based on ti@ODESYS runtime system Control V3.

The PLC is integrated in the ctrX DRIVE system environnattlt processes the code

programmed in IEC 61133 and is responsible for debuggwgh ctrlX PLC Engineering.

ThelEC 611313 is a standard fgprogramming Industrial Control Systems lilR&Cs and PLCs.

It was conceived as a way to standardize concept and mébh@&lsC programming in order to avoid
some kind of problems caused by the f#dtaving a different syntax and semantic. The IEC 61131

3 is the third part of th&EC 61131 family and introduces new feature with respect to the previous
versionlike new data types, name spaces, obpeented features, etc. This standard alltovaork

on a common programming language to be appligtbto s t r i with daRtgp@ssthat are possible

to be shared between different languages.

It specifies syntaxand semantics of 5 different languageadderDiagram (LD), Function Block
Diagram (FBD), Instruction List (IL), Structureaeéxt (ST) and Sequeaat Function Chart (SFC).
Since the data types are possiiolde exchanged, these languages can be used together in the same
project or usedingularly.For developing the program code of the feedforward torque, the adopted
language has been tB&ructurel Text
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N 61131-3 || § 58
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LD Entrada_01

Transicién_Fin

IF Data = "EOF* THEN
FOR ndex =1 TO 128 0O
X =Read_Data(Daten‘eiofndex])
IF X » 2900 THEN Alarma =TRUE
ENO_IF;

r.xE."\::?TSR‘ ST

FigurelQ: PLC programming languages

Another important aspect of the standard IEC 61334 that it allows to dividéhe program into
POUs (Program Organization Unit#)also permits thexecutionofeacb c hi | do pr ogr am

executions.

2.6 Structured text

Structured Text is a higlevel programming language which might look similaCt@r Pascal, it is

more flexible with respect to the other graphical languagesabiomis to utilize complexunction

blocks. It is a highly flexible option since evegoyogram can be split into smaller parts in order to
perform an easy troubleshott,e cause of this itds | ess error
Structured texis also well suited forcomelx Ar t i fi ci al I ntelligence ¢
for data sorting and data handling.

The Structured Text languagaese also similar to other higlevel programming languagésr the
utilization of statementthat are used to assign values taiahles,build functions and functions

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

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

characteristics anglements.
28



2.6.1 Program Organization Unit

POUs are Program Organization Units, they could be used as programs, flblotks and
functions. The definition of a POU allows its utilization for an almeodimited amount of times
Every instance of OUshare the same cotlteut has access to its priwv

important to highlight that ncecursion is allowed inside POUSs.

Add POU =%

ﬂ Create a new POU (Program Organization Unit)

Name

F8_PIDspecial

Type
Program

@ Function Block

VExtends: FB_CTRL_STEP_PID i)
7l implements:  1_Mylnterface =
] Finadl [ Abstract

Access specfier:

Method implementation language:
Structured Text (ST) ~|

Function

Implementation language:
Structured Text (ST) v

[ open | Cancel |

Figurell: PLC's POW3|

POUG6s can be def types drogram, fundian bleck ad furfctiore r e n t
Programs are known globally in the entire propeud theyare not instantiated:he variables of the
program only exist once. Programs can be calledtask soatask can call multiple programs and a
program can call functionfynction blocks or other programs.
A function block has the following properties:

1 It can return multiple values.

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

1 Itrequires a instance to be specified.
A functioninsteadchas the following properties:

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

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

1 Can be called in textual languages agp@rand used in expressions.

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

1 Does not need an instan&.
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2.6.2 Syntax

1 Identifiers: formed by a sequence of letters and numbers, permit to distinguish between
each name variablsfruct or POU.

1 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, Vectd3

2.6.3 Access variables

1 Input memory location (I): memory where are copied the inputs relative gachinput
channel. Every index of the memory is related padicular inputhannel.

1 Output memory location (Q): memory vihere are copied the outputs relatteeeach output
signal. Every index of the memory is related to a particugout channel.

1 Internal memory location (M): relative to the memory kere are mmorized the

intermediate results of the computation (flag af2h)

2.7 Task system

A task is a seltontained, elementary control flow within a proc&ssch task has its individual state
with program counter, memory stack, etc.
Multitasking is the ability to perforrmultiple tasks simultaneously. The different processes are

activated alternatelyn such short intervals that this creates the impression of simultaneity.
The execution order is decided bganedulerAccording to a given strategy, it determines the order

in which readytasks are processed. The term "scheduling” refers to the correspsmdiagies and

methods with which the processing order of the task is implemented.
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ctrIX DRIVE Technology Functiosupports up to three IEC61131 user taskiheffollowing task
types:

1 Periodic task: It is characterized by a constant cycle time ansl $tarted exactly once per
specified period, i.e., the cotserun exactly once in every time interval, providedgtrevious
run wascompleted (in the case of time overflow and activated watchdog, the Bldped
with an "Exception” error status).

If a periodic task uses up the allocated computing time and is still active itvileould
already haveestarted, it is not restarted before the next period. Mb&ns the systedoes
not attempt to "repeat” the lost cycle.

1 Freewheeling task A freewheeling task runs constantly, It restarts immediately after the end
of the task and there can only be om®Wwheeling task and it has to be created witlotest
priority

1 Eventtask 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 stgqgakeaomanafgetdhe i@
s@e@al l ed the Thisk mganemt hat :

1)Preemptive multitasking i s supipmtrerduptlTdd sb
priority tasks at any ti me.

2A maxi mum of tshmad ttaanelo,ucldeyc &'wescet invoe "mor.e t as
3There are three priority l|levels [priority 0
4T he tamkdtawssedi fferent prioriig yolswi ahsat def.
5Yasks of hiaogptptiaskist pfi hoer priority also du
6)f a |l ow priority task is [8tarted, it may st
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Chapter3

Feedforward torque action

3.1 Feedforward torqgu@urpose and models

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

PID controllers to minimise the positioning or tracking error.
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Figurel2: General control scheme of a motod]1

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 compensdtngmall differences between the

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

reference.
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Figurel3: General control scheme of a motor withtefgue action L1]

In the following, there will be explained firstly how the feedforward torque can computed and then

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

Two methods have been devised over time to calculate the torque teaheemjected:

1 Feedforward based on masterThe 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 spe@diena .csv file, called torque file, for each cam that the
slawe axis has to make. Given a certain master positicend a master speed, the

theoretical torque calculated at that positian is

Y 8/ 0 6 R/ 0 b A

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

This method is called mastbased torque FF and has several disadvantbghses not
work for a norcam axis]t is not accurate when the master is acceleratingltarduires a
torque file for each cam.

This method is used today in complex kinematics where severalvaxke®n the kinematic

motion at the same time.

1 Feedforward based on slave positionin 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 repsent the inertiag() , t he Jrg)c)onl){gaatial ( OJ (
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derivative of inertia with respect to position) and the gravitational torgge @&¢ each

slave position. So in this case the formula is
Y

0n

whered iy , are the angular acceleration and angular velocity of the slavaespigctively.

Thistechnique is today mainly used in thedGspacompany, and lhas been consequently

used for modelling the feedforward torque of the CtrIX DfiVg.

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 anaturrent control loopgo basically @aorque control loop).

Since he motor moves following a law of motion with a position profiles convenient to operate
with a position operation mode, where the interest the physical axio bein acertainposition

at a given instaniThanks to its control architectyitie drivecan independently regulate its control

parameters to reach the given target.
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Figurel4: CtrIX axis control overview
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The generation of thieedforward torque takes place within the position control loop.

Acceleration
feedforward gain
| I - : + Acceleration feedforward, position
aa ¥ 0.0000! mNm/rad/s—2) Velocity feedforward
m i’ ) actual value
ocity orwa 0000
evaluation ? Pm
i d/dt 100.00| %
* Lagless
Gopelinm . — Following distance
0.0000| Deg -
Controller PT1 fitter —a Position ctrer )
input I Velocity cmd val.
I : = s 0000]pm
Additi sit.
— ::' ;f: O_ us Kv{actor 1.00| 1000/min
0.0000| Deg
O 0.0021|Deg [ -0.0007] Deg
Position cmd val. ctrer Active posit. feedb. val.

Figurel5: CtrIX Drive position control loop

By reading the commanded position and speed via appropriate paraimatésto the fact thatla

drive parameters can be accessedny momentthebiggest challenge i® develop a application
program capable of usinghem to calculate thefeedforwardtorque following the methoaf
feedforward torque based on slave posipresented before.

G.D Spa in the past has already developadibrary of functions capable of calculating the
feedforwardtorquestartingfrom the slave positionThese functions require some characteristics of

the motor load, such as theduction 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 containedthin the inertia tabldile (.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.

CtrIX drive provides the possibiltytoten a par amet er named HfAAccel er
case of applications with constant inertia: this parameter describes the constant inertia of the motor
load measured in mNm/rad/nd multiplied by the twice differentiation of the commanded position

can return the feedforward torque for this special operating condition.
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So in the particular case of motion with constant inertia, CtrIX Drive drive provides the possibility to
compute the feedforward torque without the necessity to develop a PLC applpragram.

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 doestalce 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 bg tompany for feedforward torque computation from PLC
machine are not completely suitable, firstly because they use Beckhoff library functions instead of
Boschodés | ibrary functions and above all becat
Drive. These new drives from Boscim fact, can befaster because the position, speed and
acceleration informationsan beread via direct parameter access, rather than extrapolatecafrom

cam position.

For this reason, it was necessary to process the pegfuinations and adapt thema new application

programto make them usable in the drive'storard PLC.

3.3 Feedforwardorque application program

The developed code was spfittwo tasksfor a specific reason.
As mentioned earlier, the law wiotion for the load is currently provided via a file, but BoRexroth
has not currently developed functions capable of opening and reading these documents.
To remedy thisack, which will soon be resolvenly Bosch It was decided to treat the contentshaf
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 engin€egpaf G
over time. In short, instead of processinigeadirectly, we are forced toopy that ora 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 takeest negligible amount of tim&herefore,
thisinit methodhas been designed to indtially executed by a Slow Task, leaving the Main Task to
perform all the necessary calculatidosthe feedfonard torquen a short time.
After thatinitialization, the cyclicmaintask begins its executioBefore 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 positiorDadegrees, but the motor can initially be in any
position.

This means that if, for example, the motor is initially at the 35 degrestion, the task processes
and injects the correct torque for the 0 degreesition intended by the inertia file designers
Therefore, the task delivers the wrong torque, lagging behind the correct torque.

Thislimitation arisesrom the fact that thnstalled firmware cannot read the position of the absolute
encoder, but only the incremental encoder.

To solve this problem, for a limited number of cyabfghe motorfor example 6Qycles the task
calculates the displacement between the positiowhiah the maximum actual torque acting on the
drive and the theoretically calculated maximum torque occur. fgsslting position offset is
therefore taken into account to know the position of the motor wtaetinginjecting torque.

In thefinal chaptededicated 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 suitabkerque for the motor loadJsing Bosch library variables capable of
counting the task execution time, we verified tlegtdforwardtorque 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 thatlo 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 25and 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.

37



Convertion of
file.csv to string

Check string
dimension

Interpretation
of the string

Offset
computation

Reading
Drive
Parameters

f Calculate FF
Torque

Figurel6: PLC application block diagram
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Chapter 4

CtrlX Drive access options

To be able to access the driveparametersr inputs/outputs and sensors evaluatedhaydrive or
other drive interfaces from the PLC program, the ctrlX DRIVE Technokagyction provides the
following options:

9 Parameter access function blocks for emsyess to single parameter values

1 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 operationsCtrlIX Drive provides dedicated FB tools for such operations.
The function block for reading a drive parameter is called IL_DriveReadParameter, which receives

as input:

Device [DEVICE_REF]: for addressing the logical device.
Idn [IL_EIDN]: parameter ident numbéw identify the proper parameter.
ValueOut [ANY]: support variable to which the read value is written

cC: c: c: c:

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:
U Attribute [DWORD]: parameter attribute
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IL_DriveReadParameter
—Device Attributep—
—[Idn = 0]
—{ValueOut
—[Timeout = TIME#2s0ms]

Figurel?: IL_DriveReadParameter function blo@k [

Very similar is the function block which allows a value to be writtendawe parameter.

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

Device [DEVICE_REF]: for addressing the logical device.
Idn [IL_EIDN]: parameter ident numbéw identify the proper parameter.

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

c: c: c: c:

TimeOut [TIME]: timeout monitoring the function block.

IL_DriveWriteParameter
—Device
—[Idn = 0]
—{Value
—{[Timeout = TIME#2s0ms]

Figurel8: IL_DriveWriteParameter function blo& [

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 variabletthtareading, it takes 4 cycle times

(i.e. 4ms with this firmware) to update the value of the current motor pofgjion
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Figurel9: Parameter access withirfiction block

4.2 Access via direct variables

Anotherway to process parameters easily and quickly is accessing them viavditabtes which
is a very great advantage of these innovative drives.
When using direct variables, read and waiteess to parameters is possiblthenPLC progranand
It provides the following advantages:
1 Simple syntaxthanks to asimple and clearly structured programming in(RLso
complicatedunction block call
Faserparameteread and write access

Optiond parameter access that can be changed during runtime

It is important to say thatmct 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
instancesMoreover, the processing time for reading and writing list elements is only marginally

slower than for single parameters.
There are three different ddtges of direct variables that can be used foptrameterdOf course,

the correct data type has to be used, depertirige parameter attribute.
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The following table shows the attributes of #vailable parameters and their matching direct variable

type[9]:

Data type of direct Parameter attribute

variable 2 byte fixed/vari- |4 byte fixed/vari- |8 byte fixed/vari- |4 byte fixed/vari-

able able able able
Float

DV_DINT OK OK Error Error

DV _LINT Error Error OK Error

DV_REAL *) OK, if fixed *) OK, if fixed Error OK

Figure20: Data type of direct variabl®]

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 beatwith a cyclicality of only one

ms, as reported in theextpicture.

7964

7963

7962

7961

7960-

— T
1568.0000

1570.0000

— T T
OO 1576.0000

Signal name Position [Unit]

Elements

i

-

[ANJANI AN}

Y-axis min

= |21 Measurement (8/1/2023 10:16:48 AM)
&4 P-0-1389 PLC global buffered list register . 68435456.000 '68435456.000
4.4 S-0-0261 Position status:
4w P-0-0434 Position controller: Position den [l

7959.990

7959.990

Coarse wind ]|

Y-axis max | Value at cursor

Unit

7972.921

7972.921

Description

Connect to device to be measured...
Axis / power supply [1] default

Figure21: Parameter access with direct variable

With theclearresults 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:

1 P-0-0434 position command valuef controller. Being in position control mode operation,

this

42

parameter describes the commanded position in any instant of time.



P-0-0454 velocity feedforward actual value. It is given by the derivative of the previous
variable.

S-0-0348 acceleration fedforward gain. This parameter has the dimension of an inertia
expressed in thousandtrs mNm/(radR, 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 gkistng
condition.

S-0-0081: additive torque command value. This is the parameter on which it is written the
feedforward torque computed by thelboard PLC.

S-0-0533 that is the motor nominal torque. Many parameters, such as-Gh@081 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 valughis parameter has been accessed in order to perform the
comparison with the computed feedforward torque.

S-0-0386: active positionfeedback valueparameter required to calculate the minimum
effective torque for determining the offset

S-0-0535: activevelocity feedback valueas before, It is parameter required to calculate the
minimum effective torque for determining the offset

S-0-0164: active acceleratiofeedback valuethe lastparameter required to calculate the
minimum effective torque positiofor determining the offset

S-0-0189: trackingerror actual value: positianackingerror given by the difference between

the command position {6-0434) and feedback position-080386).

S-0-1305.0.2:ithe system time: It is useful to check the cyclic time of the overall task.
P-0-1376, R0-1377, R0-1378, R0-1379, R0-1380: global PLC registersfor general
purposetheyare drive parametethat can be used as desired in the PLC program for data
managemenand/or communication between the ctrlX DRIVE Technology Function and
external devicesuch that the external PLC TwinCAT.

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

external PLdor what concern feedforward torque injection arakingerror.
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Chapter 5

Experimental tests

The most important step in the evaluation of a pevduct 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 witrfinenance of the

central PLC.

5.1 Cigarette packet collar cutting motor

The collar is a papgresent in all cigarette packethich, in wrapping the cigarettes, provides a
contrast to the packet closure and strengthens the structure of the container.

Figure22: 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 isthe papeicutting motor for producing the collar on the test bench during testing.

Figure23: 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 CtrIX Drive software allows scopes to be tracked by comparing the performance of variables
identified by precise ID addresses.

The graph below shows the cparison between-8-0081 and £-0084. The formefred in the
pictures)represents théeedforwardtorque injected by the application developed on théaard

PLC, while the lattdblue in the picturegjescribes the trend of the overall torque actintherdrive.

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

These are the results of the first cam at engine spéa@b0rpmand 600rpm.

Thelowest time interval possihlée. 1 ms, was chosen as the cycle time.

S20-0084 TorquelForce: Torque actual value [%]

xll f

/

— T —T 77—
1400.0000 1500.0000 1600.0000 1700.0000 1800.0000 1900.0000 2000.0000 2100.0000 2200.0000 2300.0000 2400.0000

Time axis [ms]
Signal name Position [Unit]
=l Elements Y-axis min | Y-axis max | Value at cursor Unit Description A
& Connect to device to be measured..
V] B12) Measurement (8/25/2023 2:08:08 PM) Axis / power supply [1] default
7 s S-0-01889 Position controller: Following er. -0.132 0.080 Deg
| 4.+ S5-0-0084 Torque/Force: Torque actual - -7.392 9.139 %
| 44 S-0-0081 Torque/force feed forward: Torg . -7.392 9139 2
.| 44 P-0-0454 Velocity feedforward: Effective \[JJj] 45.378 499964 pm v

Figure24: Torque feedforward for cam n°1 at 350rpm

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.
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Figure25: Position tracking error for cam n°1 at 350rpm without FF torqu
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Figure26: Position tracking error for cam n°1 at 350rpm with FF torq
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It can be seem the followingthat at high speed there is greater torque absorption, and this helps to
cancel out the background noise produced by the drive's control [Bogsis why at 600rpm the
torque has a less discontinuous and more linear tiémdirregular pattern is due the regulation of

several factors, including interference.
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V] 211 Measurement (8/25/2023 2:12:29 PM) Axis / power supply [1] default

] 4 S-0-0183 Position controller: Following er. -0.0%6 0.120 Deg

“ 4 S-0-0084 Torque/F orce: Torque achual [l -17.959 17.659 %

| b -17.959 17.659 %

| s P-0-0454 Velocity feedforward: Effective \ [l 40.1%8 502.554 pm v

Figure27: Torque feedforward for cam n°1 at 600rpi
At this higher speed, there is a slight increase in the tracking error, which however remains contained

to very small values.
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Figure28: Position tracking error for cam n°1 at 600rpm without FF torq
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Figure29: Position tracking error for cam n°1 at 600rpm with FF torq!

Changing the cam, the result remains great. In fact it has been also tested a different law of motion at
the speed of 400rpnit is important to remember that different cams correspond to different
maximum speeds. This is because high current draw by ther rfhat can cause overheating is

blocked by the thermal model of the drive.

Model parameters Motor temperature model
j/ Calculation of limitation times for | Maximum load 7

T Limited by themmal time constant of
winding s
Peak cument A e S

Limited by thermal time constant of i
motor mn

Max. shorttime

cument - I 1
| ]
I 1 Max. contin. cument
- - -

Current at =
standstill A | |

Figure30: Motor temperature model [6]
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These are the resuligr the second camat400rpm.Most likely there is a saturatiqggroblem.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 riartee. In this case, since it is 50% of

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

sized correctly with respect to the application.
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Figure31: Torque feedforward for cam n°2 at 400rpi

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

tracking error.
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Figure32: Position tracking error for cam n°2 at 400rpm without FF torq
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'T8/25/2023 2:00:58 PM

S0-0T89 Pasition controller: Following error actual value [Deg]

,1 i
15 ;
2
0.0000 500.0000 1000,0000 1500,0000 20000000 25000000 30000000 35000000 4000.0000
Time s [ms]
Signal name Position [Unit]
=5 Elements || Y-axis min | Y-axis max | Valueatcursor [ Unit | Description [
# Measuring configuration Connect to device to be measured...
] 2= Measurement (8/25/2023 1:59:58 PM) Axis / power supply [1] default
v F s B -2.366 2645 Deg
| 44 S-0-0084 Torque/Force: Torque actual va . -51.489 50.919 %
| s S-0-0081 Torquelforce feed forward: Torg . -51.469 50.919 %
| s P-0-0454 Velocity feedforward: Effective \[JJi] 7.970 548.624 pm v

Figure33: Position tracking error for cam n°2 at 400rpm withtdrgue

Subsequently, theametorqueshave beerevaluated again with mew cyclicity of 2ms in order to
evaluate if the PLC cyclic time plays a role in the definition of the tordde®is the test on the

previous canat a speed of 350rpm.
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Figure34: Torque feedforward for cam n°2 at 350rpm with cycle time 2
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Qualitatively, one can see that the torque has a more discontinuous, stepped trend, because
compared to before, the update of itheal torque occurs every two task cycles. Therefore, this

behaviour was predictable.
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4% Measuring configuration Connect to device to be measured...

[ =2 Measurement (9/6/2023 12:19:22 PM) Axis / power supply [1] default
O s S-0-0189 Position controller: Following er. -1.640 339672 Deg
O & ] -36.442 37.018 %
4.4 5-0-0081 Torquelforce feed forward: 'l. -36.442 37.018 %
| s P-0-0454 Velocity feedforward: Effective ‘.. 598.991 600.892 pm v

Figure35: Torque feedforward for cam n°2 at 350rpm with cycle time 2r

Obviously, by raising the cyclicality of the task2ms the position error tends to worsen.
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El Elements | | Y-axismin | Y-axis max | Valueatcursor | Unit | Description I
'ﬂ» Measuring configuration Connect to device to be measured...
Me () Measurement (9/6/2023 12:19:22 PM) Axis | power supply [1] default
M 3 -0.192 0.160 Deg
O 4 5-0-0084 Torque/Force: Torque actual va . -18.359 18.259 %
O 4 S-0-0081 Torqueforce feed forward: Torg . -18.359 18.259 %
O 598 980 601.020 rpm -

s P-0-0454 Velocity feedforward: Effective \..

Figure36: Position error for cam n°2 at 350rpm with cycle time 2ms and FF tc
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Signal name: S-0-0189 Position controller: Following error actual value  X: 520.500 [ms] Y:0.0515 [Deg]

5] Elements Y-axis min | Y-axis max | Value at cursor Unit Description A

& Measuring configuration Connect to device to be measured...
= |1 Measurement (9/6/2023 1:18:17 PM) Axis | power supply [1] default
B B -0.115 0.105 Deg
O B S-0-0084 Torque/Force: Torgue actual va . -35.800 41.600 %
O By S-0-0081 Torquelforce feed forward: Torg . -37.000 35.400 %
[0 s P-0-0454 Velocity feedforward: Effective \[J|] 0.467 656.017 rpm o

Figure37: Position error for cam n°2 at 350rpm with cycle time ams FF torque

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 setary 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 curvegpbsitian

offset. The offset problem was solved by developing a precise function égkédposition_offset)

that would take care of this task before calculatingekdforward torque.
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44 S-0-0189 Position controller: Following error actual valui -0.011 0.003 Deg

4.4 S-0-0084 Torque/Force: Torque actual value . -12.134 11.734 %

s S-0-0081 Torquelforce feed forward: Torque offset . -12.134 1.734 %

44 S-0-0051 Encoder actual values ENC_1: Position - 109.012 167.160 Deg

s S-0-0040 Encoder actual values ENC_1: Velocity senso . 197.758 198.624 rpm

s P-0-2755 System time: Fine Il 616778603 704314.871 us v
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Figure38: Torquefeedforward with position offset

5.3 Comparison with central PLC TWGAT

A very interesting analysis is the performance comparison with the TwinCAT central IRLC.
particular, sincghe 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.

8- , ............................ .......................... // ..... \ .............. , ............................ /,\ ...................... .....................
= 2] /
n 6] ST,
-8 : i ; 1
T T T T T T T T
3100.0000 3200.0000 3300.0000 3400.0000 3500.0000 3600.0000 3700.0000 3800.0000
Time axis [ms]
Signal name: P-0-1378 PLC global buffered register Gx: G8  X: 3,692.000 [ms] Y:90 [--]
El Elements Y-axis min | Y-axis max | Value atcursor |  Unit Description ~
figurati Connect to device to be measured...
[0 &) Measurement (8/24/2023 2:14:23 PM) Axis / power supply [1] default
O s S-0-0189 Position controller: Following ef. -0.043 -0.043 Deg
O s S-0-0084 Torque/Force: Torque actual va. -8.146 -8.129 %
O 4 S-0-0081 Torque/force feed forward: Torq. -16.000 -15.936 %
O s P-0-0454 Velocity feedforward: Effective \.. 37.010 37.230 pm v

Figure39: 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 torquéhassagne 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 TwinQAT;, 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 CtrIX Drive, which, beibgard the

drive, does not cause any waiting timetfue transport of information.

0-0081 T ore

T T T 2 T
3510.0000 3520.0000 3530.0000 3540.0000 3550.0000 3560.0000

Figure40: Comparison with TwinCAT central PLC with cycle time 1

It is also interesting to see how the cycle time set for the control can influence the effectiveness of
the actionln 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.
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Signal name Position [Unit]
=] Elements Y-axis min | Y-axis max | Value at cursor Unit Description PS
O s S-0-0084 Torque/Force: Torque actual va . -18.159 18.159 %

s 5-0-0081 Torqueiforce feed forward: Torg [l -18.143 14624

O s P-0-0454 Velocity feedforward: Effective '.- 598.991 601.015 pm

| 414 P-0-0434 Position controller: Position den [Jli -1.640 361,692 Deg

O s P-0-1379 PLC global buffered register Gx . -181.434 146.337 -

44 P-0-1378 PLC global buffered register I. -181.434 146.337 = v

Figure41: Comparison with TwinCAT central PLC with tiye&e2ms

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 performeith @n advance of 2.25ms.

Therefore, comparing torque injection with this compensation and that from beacth PLC, a

similar result can be obtained.

The advantage of the éward PLC, however, is that at any given time the calculated torque is
determine 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 eméogency s
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S-0-0081 Torquellorce Teed Torward: Torque olisel [%]
n
1

Signal name Position [Unit]
g Elements Y-axis min | Y-axis max | Valueatcursor |  Unit Description A
L3 Connect to device to be measured...
7] 1) Measurement (9/15/2023 9:55:29 AM) Axis | power supply [1] default
| s S-0-0189 Position controller: Following er. -0.192 0.236 Deg
7 4 S-0-0084 Torque/Force: Torque actual va . -14.347 17.384 %
| s 5-0-0081 Torquelforce feed forward: T. -16.524 13.630 %
7 4 P-0-0454 Velocity feedforward: Effective . 598.988 599.000 rpm v

Figure42: Comparison with TwinCAT PLC with compensation at 2.2

5.4 Asynchronous event

In order toverify 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 kntowrovide 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 makegou vulnerable to unforeseen events in those 2.25ms.

This is not the case with CtrIX 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
compaison was made with the TWAT 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.
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-700.0000 -600.0000 -500.0000 -400.0000 -300.0000 -200.0000 -100.0000 0.0000 100.0000 200.0000 300.0000
Time s [ms)
Signal name Position [Unit]
Eﬂ Elements } I Y-axis min I Y-axis max } Value at cursor } Unit [ Description [ "
4% Measuring configuration Connect to device to be measured...

[ & ) Measurement (8/6/2023 12:12:36 PM) Axis / power supply [1] default
O s S-0-0189 Position controller: Following er. -0.582 0.260 Deg
(| B -52.100 23.700 %
M s S-0-0081 Torquelforce feed forward: Torg . -42 600 14.400 %
O s P-0-0454 Velocity feedforward: Effective I 0.000 600.000 rpm v

Figure43: Feedforward torque ismergency stop

If we look in detail at what happens at the transition between nominal behaviour andyS8UOP,
cansee that the torque from the TwinCAT PLC starts its descent later and more rigidly than the
forward torque injected by the dooard drivePLC. 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.
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(TAUMP0-T378 PLC global bullered register Gx: GE -]

-35

[T .

600000 -500000 -400000 -30.0000 -200000 -10.0000 00000 100000 200000 300000 400000 500000 60.0000 700000 800000  90.0000

Signal name: 5-0-0081 Torque/force feed forward: Torque offset ~ X: 69.250 [ms] Y: 0.8 [%]

=] Elements | | Yaxismin | Y-axis max | Valueatcursor | Unit | Description IS
4% Measuring configuration Connect to device to be measured...

[ 22 Measurement (3/6/2023 12:12:36 PM) Axis / power supply [1] default

O 4 S5-0-0183 Position controller: Following er. -0.570 0133 Deg

| ot -51.064 12.309 %

¥ 4 S-0-0081 Torquelforce feed forward: Torg . -41.821 5834 %

| 4o P-0-0454 Velocity feedforward: Effective \.. 8.197 509.836 pm v

Figure44: Feedforward torque in emergency stc

58



In particular, vinen 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 calculate tasi< o

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 tiegh reacts later than the red curve.

The CtrIX 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 tlgfevent 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 thdoard PLC drive, the error cancels out

faster.
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. |

value [Deg]

S-O0TEY Posiiion controller: Following error aciual

-700 IOC'L\D -600.[’.{'00 -500. IOC-OO -400. I'JOOD -300. IOOC-D -200.]0000 -100 IC)CrC'O 0.0000 100. })COD ZOO.E'C'OO 300 {I)OC-O
.................... Time axis [ms]
Signal name Position [Unit]
=) Elements Y-axis min | Y-axis max | Value at cursor Unit Description A
# Measuring configuration Connect to device to be measured
- Measurement (9/6/2023 12:12:36 PM) Axis / power supply [1] default
s - -0.5%0 0.268 Deg
O 44 S-0-0084 Torque/Force: Torque actual va . -52.100 23.700 %
O 44 S-0-0081 Torquefforce feed forward: Torq [ -42.600 14.400 A
O 4§ P-0-0454 Velocity feedforward: Effective . 0.000 600.000 pm v

Figure45: Tracking error in emergency stop with-board drive PLC
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Signal name Position [Unit]
g Elements Y-axis min | Y-axis max | Value at cursor Unit Description A
% Measuring configuration Connect to device to be measured...
[ 211 Measurement (9/15:2023 10:19:29 AM) Axis / power supply [1] default
s S5-0-0189 Position controller: Fuluni;. -0.517 0.318 Deg
Il 4 S-0-0084 Torque/Force: Torque actual va . -52.858 24458 %
O s S-0-0081 Torquelforce feed forward: Torg . -130.590 46.620 %
O 4 P-0-0454 Velocity feedforward: Effective ‘.. 0.000 600.000 rpm v

Figure46: Tracking error in emergency stop with central TwinCAT |

5.5 Computing power saved witledentraliseatontrol

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 AveragelExne, which measured in us shows a reduction

of 2-3 ¢s due to the forward action.

= "$ DATA PROFILERSTRUCT
@ LastExecTime DWORD 5
@ MinBcecTime DWORD 2
@ MaxExecTime DWORD 38
@ AverageExecTime DWORD 2
@ MeasureCycle DWORD 5740905
# MAX DATABUFF SIZE DWORD o 100

Figure47: Axis_cycle method execution time without feedforward torqu
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= "§ DATA PROFILERSTRUCT

@ LastExecTime DWORD

4 MinExecTime DWORD 4

# MaxExecTime DWORD 28

@ AverageBxecTime DWORD 5

@ MeasureCycle DWORD 14277
# MAX_DATABLIFF_SIZE DWORD @ 100

Figure48: Axis_cycle methoelxecution time with feedforward torque

This parameter describes the computing power saved for a physical axis.

For a mediunrsized machine with 50 axes you get abd00/150us which with a cycle time of
1ms meansl0/~15%. of computing capacity saved.

The tests were measured on a kégid Beckhoff CPUwhich isone of the highest performing
today.

Figure49: Laboratory Beckhoff PLC propertie:
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