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Abstract

Digital Twin technology in the automotive industry is a growing trévad promises to

bring accurate and cesffective simulations, testing environments and predictive
maintenance platforms. Autonomous vehicles are a speciat taseumberof sensors

such vehicles possess and the amounts of data they generate can help to create precise,
sophisticated models and environments for testing and analpsimake this happen, a
research project "Digital Twin for propulsion drive of autonomous electric eghicl

(project number PS@53) was founded.

In this Master's thesis, a middleware framework for communication of Digital Twin
entities is proposed. The framework based on Robot Operating System 2 (ROS2) and
micro-ROS frameworks is used to connect two entitiEéshe propulsion drive system
Digital Twin. In the end, the latency tests are used to verify the reliability and speed of

the framework.

This thesis is written iEnglishlanguageand is46 pages long, including chapters15

figures and tables.



Annotat si oon

Digitaalsete kaksikute tehnoloogia on autotdOstuses kiiresti kasvav arengusuund, mis
lubab luua tapse ja tootliku keskonda simulatsiooni, testimise ja ennustava hoolduse
jaoks. Autonoomsed soéidukid on erijuhturaisbiur arv andureid vdimaldab genereerida
piisavalt andmeid selleks, et luua tapne ja keeruline keskkond autonoomsete sdidukite
testimiseks ja anallusiks. Seetdttu oli "Isejuhtiva elektrisdiduki veoajami digitaalne
kaksik" (projekti kood PS€&53) loodud.

Antud 16put6d pakub vahevararaamistiku digitaal kaksiku tUksuste infovahetuseks ning
selgitab, kuidas see seob digikaksiku Uksusi kokku. Vahevararaamistik on loodud Roboti
Operatsioonsiusteemi 2 (ROS2) ning miBOS'i pdhjal. Kokkuvdtes on esitatud

latentsuse astide tulemused, mis kinnitavad, et vahevararaamistik vastab kiiruse ja

tookindluse nduetele.

LAputdd on kirjutatudnglise keeles ning sisaldab tektb lehekiiljel, 6 peatikki, 15

joonist, 5 tabelit.
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1l ntroducti on

With the increasing complexity of dernmechatronic systemthetraditional methods
of monitoringand maintaininghese systentsavebecomenapplicable At the same time,
their sophisticated desigandability to generatéarge amourd of data open neways

for analysisand simulations.

One example ofeh a system isthe selfdriving vehicleISEAUTO which is being
developed nthe pemises offallinn University of Technology (TalTech) since 2418

A large number of installesensorsand powerful processing units allow thighicleto
navigate autonomouslyy processing the surrounding environment and making choices
based on the received datery little is dondowardsanin-depth understanding of how
theseautonomougehicles are affected during operatioconsidering hovanalysis of the

vehicld s wor ki n gimmoyesits averadl pecfaanmance

To solve this problerra research project PS453[2] [3] wasestablished, which aims to
develop a specializedjnsupervisedanalysis of apropulsion drive systenfPDS of
ISEAUTO based on the technology of digital tw{isT). The outcoms of this project
are expected to be: a n@ducational toolthe discovery of Bw methods for monitoring

and maintenancend anmprovedanalysisof existing systems.

The task of this thesis is to implement the middleware that connects specifically chosen
hardware and software componewntsthe DT and testthe latency of implemented
middleware solution. The thesis is organized in the following way. Chaptesents the
background ofligital twin technologyputlines the state of the art iDT technology in

the automotive fieldand provides background tine PSG453 project. ChapteB
describes the selection of middleware framework and provides an overview of the
selected framework. Chaptdrcovers the implementation details of the middleware.
Chapter5 describes the results of implementation and provides suggestions for future

work. Conclions are given ithe Summary section.

11



2Background

This sectiorprovides an insighinto the current state dheart of DT, the history of the
conceptand notable exampled systems deployed with DT principlestheautomotive
industry. At the end oftte chapter, an overvieand statef the ongoing projecregiven

with definedgoals to be achieved.

2.1 Definition of Digital Twin

There are several definition$ DT that were given over timiey various academics and
organiations. The firstever definition originates from Dr.Michael Grieveswho
introduced this concefh 20021 DT is a set of virtual information constructs that fully
describes a potential or actual physical manufactured product from the micro atomic level

to the macro geometal level as shown idrigurel [4].

Data

Figurel. Visual representation dfigital twin concept described byl. Grieves[4].

In [5], DT is defined as a softwasnalog of a physical system that mimics the internal
processes, technicetharacteristicsand overalbehaviorof the systemlockheed Martin
gives the f ol | owuvinugl represdniations ofidmilhphysidal assetd) T
processes, and systems that can be used across the product life cycle usimg czdh

and dher sources to provide actuasightso[6]. All in all, most definitions arsimilar in

12
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describing thédea oftheDT 1 it is aprecisevirtual clone of aeal device osystenbased
on physicalproperties gatheredor realtime sensor dataintending © simulateits
behavior IBM outlines several key differences that m&ke stand ahead of simulations
i larger scalerfanyengineering disciplines studied at the same tiameltwo-way flow
of information (sensor data from the physical device tamtibackfrom the virtual
environment otheDT) [7].

2.2 A brief history of Digital Twin technology

Thegenerakconcepiof theDT was first introducedh 2002. Shortly after, itvas adopted
by the aerospace industriy particularly by NASA and U.S. Air ForceSince 2014,
companies such as Lockheed Martin, BoeamgiGeneral Electrigvere brought together
by U.S. Air Force to conduetseries of appliedesearchin the field of DT[8]. The alvent
of l1oT and BigDatahasfurtherbridged the gap betwegysical and virtual worldand
necessitated thdevdopment ofa sophisticatedmodel to meaningfully process and
visualize the physical processddtogether, these eventsmave sparked the interest in
researclof DT technologyand,as can be seen Figure 2, the number of publications

has been growing exponentially ever sir[€g.

1600
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M ScienceDirect Scopus

Figure2. The rumber ofdigital twin-relatedpublications by yearfrom 2011 to 2020 on Scopus and
ScienceDirecf9].
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The growth and importance tfe DT technologies can also be verified by the fact that
Gartner has named DT as a strategic technology trend in threective years (2017
2019)[10] [11] [12], andForbeq13] descritedthe DT asone of the defining

technologie®f next decade

2.3 Digital Twin technology in the automotive industry

Traditionally, automotive and aerospace systelnase been designedith empirical
engineering practicgd4], but with increasing performance requiremetitg necessity
f or -aiveeerl  duerg ©perationand lack of external suppomew engineering
practices are needewith the introduction ofthe DT, new development antésting
simulation practices became available to futfiew requirementsandconsequentlythe

interest in research of these technologgegowing steadily as can be seen kigure3.

350
300
250
200
150

100

Number of Publications

50

0 _ _ | | I | |
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Publication Year

m ScienceDirect m Scopus

Figure3. Search resultsfor publications related to digital twiris automotive applications in periods
2011-2022 in ScienceDirecand Scopus.

In [15], Best et alclaim thatgainedinformationfrom vehicle simulationsould provide
critical training data on algorithmic inefficiencies before actual vehicle testing. As a

result, they developedsamulation platform foautonomous drivingf a vehiclewith the

! Search consisted of thiellowing query:(TITLE-ABS-KEY (digital AND twin AND car ) OR TITLE
ABS-KEY (digital AND twin AND vehicle ) OR TITLEABS-KEY (digital AND twin AND
automotive)) The last timehe searchwas conductedvas on04.05.2022.
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possibility of generating labeled @daftor machine learning. In their researsimulation
covers kinematics and dynamics, traffic rules, path planniagd environmental
conditions However, the research does not cahersimulation of hardware components

of the vehicle, solely focusing dhe software aspect and Al.

Liu et al.[16] demonstratéwo DT models created by two different methods: Gaussian
process and convolutional neural networks (CNN). Both DT models were created using
the sensor data, collectedon a transmission shaft of the vehicle. Thienulated
measurements werlmost identical to those measured on the real vehicle. The conducted
study achieved its task afentifying the driving states, but researchers ditat a real

time dual connection between DT ahdreal vehicle imieeded to achieve reliable results.

An improveddesign was proposeoy Chen et al[17], where scientistslevelopeda
hardwarein-the-loop (HiL) simulation patform. Thefocus was applied on bridging the
gap between pure software sieamions and hardware simulatiomnd making the
simulatonmo e fA o nl i n e @éstabliging alimk batween the lviggual and real car
environments. In their platform, thed€kronic Control Unit (ECU) was used for hardware
control, with the rest of simulation (such as simulated sensor data, kinenaatics
dynamics) occurring ira virtual environment. The isnulated datarbm driving was
streamed to the ECWhere the hardwarevaluated the state of driviragd returned the

calculated decisions to the virtual environment.

Using a different approaciRuba et al[18] developed aeattime DT implementation
using FieldProgrammable Gate Array (FPGA)r a propulsion systenn their setup,
DT of a propulsion systeB wasimplementedvith two FPGAs:onefor mimickingthe
entire behavioof aPermanent Magn&ynchronous Machine (PMSMB, and another
FPGA for simulatinghe control unitThe communication between these two FR@AS
handledby digital and analog IQytilizing the same interfaces thatereused between a
PMSM TB and control unitTherefore researchers were alile swapthe FPGA control

unit with the realcontrol unit.

Rassdlkin et al[3] [19] describeda concept othe DT that features three componerds:
physicalentity, avirtua entity, anda service entity. All these entities argerconneted
by middleware Thephysical entityis represented iaform of the propulsion drive TB
the virtual entity - asthe simulated 3Dmodel of TB, andthe service entity- as an

15



integrated service platformesponding to the demands of both physical and virtual
systems.The sudy outlines that such DT should provid®nitoring capabilities in

dynamic regimes

The abovementioned findings indicate that DT technology tseading subject of
research inthe automotive industryand is expected tgrow in the upcoming years
Studes arebeingcarried out to make interactions betwekgital and physical systems
more dynamicoccur inreattime,andmake simulated operations madentical to those
of physical ehicle systemsThe benefits of using such systeare redued cost for
carrying out tests and simulatigneduced need for physical testing in the fialdthe
ability to simulate various scenarios that are difficult to simulate in physical testing.

2.4 Case study- Digital Twin for a propulsion drive system

DT for propulsion drive of autonomous electric vehi@e{ect numbePSG453) [2] [3]
is a research project which aims to develop a specialized unsupervised aaadlysis
prognosis toobf an ISEAUTOPDS based on DT technologyhedesign of thgproposed

DT can be seen iRigure4.

Virtual entity

Service entity
A Function Iterative optimization B Spatial model
A Physical model
Interaction A Behavior model
Historical datasets;
A etc.

A Input;
A Output,
A Quality,
A State;

Interaction
Iterative optimization

uoneziwndo aneIa)|
uonoelau|

Real physical entity

(1oT) (DAS)

Iterative optimization

Interaction and Mapping

Figure4. Architecture of the PS@53 DT showing how the 4 modules are ufz.

The proposed DTonsists of four moduleghereal vehicle that is supplied widensors
(real physical entity)atest bench (TB) ofa e h i prdp@stols driv§designated aBest
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benche} 3D models of the TB/real vehicle (virtual entity), g8exvice platforn{service
entity). All communication is to be handlegt amiddleware, though whichtheDT data

is going to flow.

Thedatais being sent and receivé@m all modules to all modules simultaneously, thus
enablingthe creaton of sophisticated controlsndanalysisof the whole DTin real time

The data generated during the @iem of a real vehicle/TB is consumed by the virtual

and service entity. Those entities, in response, generate feedback data and other useful

parameters that help the analysis of vehicle operation.

To illustrate the process bettassume the following scenariond PDS TBstarts is
operationandthe shaft of a motor starts to spin. A seriestalled on the motor records
the angular velocity of the shaft and sentito the virtualentity. The vrtual entity
calculates the linearelocity of each wheel based on the received shaft angular velocity
and forces the 3D model of a vehicle to move. At the samefticteyn is exerted on the
wheels, causing the vehicle to slow down. Tdwual recorded linear velocitys
recalculated hek to the shaft angular velocind is sent to the PDS to adjust to changes.
Meanwhile theservice entity monitors that tltata sent by the PDS TiBin thecorrect

range.

2.4.1Physical entity

The physical entity of the DT igplaced by experimentaB corsisting ofaPDS
identical to the one present inside the ISEAWEDIcle The PDSfeatures aMlitsubishi
PMSM tractionmotorY4F1 (present in-MIEV car modés) which is operated by an
ABB HESB880- afrequency convertehat transforms the supply power to the motor
based on the set parametétES880 in its turn is powered by a CinerBiaC+ battery
emulationsystemY 4 F1 mot or 6s output is attached to
attachedo two ABB IM loading moors (ABB 3GAA132214ADE) that simulate the
loadson the traction motomwo loading motors are connected to two ABB ACS880
frequency convertstthat transform the supply power to the motor based on the set
parameters. The PDS is attached to a metallicédnatmch enablethe operation of the
system and allowthe connection of other elements to the system (controllers,

converters, sensagrstc).Described TBcan be observeish Figure5 andFigure6.

17



Figure5. TB for PDSin the Electrical Machine Group lab

Cinergia HES880

TAG:BAT x . TAG:TD x

TAG:LDM X TAG:LD2 x

ACs280 ACs880
\_ Drivel )\ Drive2 )

TRACTION 0 e«
MOTOR
= |=|GEAR
TAGTS1 % oM ¥
2 S TAG:TS2 x |
TAG:LM1 x Il b _ Y TORQUE ', iTAGILMZ x
TORQUE SENSOR 2
SENSOR 1 - . LOADING
MOTOR1 (| kT WHEEL) MOTOR 2

Figure®. lllustration schematiéor TB for PDS
2.4.2Virtual entity

As seen irFigure?, thevirtual entity is representess a 3Dmodelof the TBcreatedn
the virtual environmentprovided by the Unity game engin&he virtual entityis
composed ofmported CAD geometricmodelsof PDS parts(motors, shafts, bearings,
gearbox) thus keepinghe real dimension®f the TB. Implemented software in Unity
controlsthe 3D modelnd can simulate motion and actidepending on the provided
input. Likewise, the virtual entitgan havevirtual sensors thatecord the simulated
operation dataf the 3D modelnd stream itback to the physal entity through the

middleware.
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Figure7. 3D model of the PDS Tk a \rtual entity of DT [21].

2.4.3Service entity

The ®rvice system represents an integrated service platform responding to the demands
of both physical and virtual systerasd acts as a predictive maintenance compojsnt

It monitorsthe operation of TB, analyses atigtectechbnormalitiego find the cause of
them,and ultimately warns abogtroblemsin the DT. One ofthe implementationss
described in20] where nterturn short circuit faults were detected amdlalyzedin
MATLAB software during operation.

2.5Problem statement

At the time of wr itha REG453 téam svas MibesptoeesséoE t h e s i
connecting physical entities with their virtual and service entitinterpartsThe goalof

t hi s Mast ®cohreect theht@action snotar ef the PDS watbervice entityfor
theanalysisof he traction motords dat a.

2.6 Motivation

In any complex systemeliable,scalableand secure communicatitietween alentities

ensures the operation of the system as a whole. In present days, it is observable that many
independent technologies that tacklspecific set of problems have begun to be used
interchangeably to provide new functionalities. DT technology is one of such fields, and
theproposed DT by?SG453 requires a flexible means to communicate betwaé#dhe

independent technologies.
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In thisthesis, aniddlewareframeworkon a base 0ROS2(Robot Operating System 2)
andmicro-ROS(micro-ROS)is proposedthrough which:

71 4l entities will be definedn theROS2basedniddleware in a structural manner
1 data will besampledrom the physical entity PDS TB using micreROS
1 sampleddatawill be sentto theservice entity

1 theservice entity will process the data and send it ba¢keéoiddleware

2.7 Section summary

In this sectionthe state of the art in DT foutomotive applications has bedgfined.
Literature research indicates tlaterestin DT for automotive applications iacreasing
every yearMotivations for that arethe costeffectiveness of DTs, advanced maintenance
and analysis of automotive systerifhe background fothe PSG453 projectand its
current state was introduced. Current Bdnsists of the physical, virtyand service

entities Theproblerand moti vati on fwereoutiheds Master s
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3Mi ddIl eware framework selectio

This sectiorprovides the definition of middleware, explains the process of selecting the
appropriate middleware framewdid the needs of described DAndgives an overview

of ROS2 and micrdROS middleware frameworks.

3.1 Definition of middleware

There is o official definition of the term "middlewarg"as industry and academics
explain this term differently, yet one definition found by the authors explains it the most
clearly: middleware platforms are intermediaries between sensors, services, and
applicatims, managing the flow of data and allowing them to interopgizitg¢
Middleware handles all the serialization and transfer of information from one platform to
another utilizing various applied standards. Middlewars hadefined Application
Program Interface (API) that allows engineers to bind the middleware software to their
parts of the system and allow ingystem communication. Dozens of middleware
frameworks are available for use, both proprietary and free oheh&ome of the
frameworks are based on standard communication protocols, whereas other frameworks
use custom solution®ifferent rameworks have different fields of applicatioanging

from smart homes to aerospace.

3.2 0verview and selection of availableniddleware

Considering the complexity @lements that constitute a DT @esscribedn Section2.4)
andtheoverall application of a D/Tit is important tachoose ppropriate middleware and
defineanarchitecturdor DT connectionsBased on the needs of the TB DTPSG453

a set of quatative criteriabased orfi22] was outlined:
1. Area of use suitable for industrial cases

Applicability for industrial usecases guarantees that middleware is reliable, possibly
standardizedand is capable to handiiesired loads of data flow.

21
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2. Support for desired communication modgdublishersubscriber

As described in Sectio.4, databetween components is expected ltwnf (e.g.,
continuously streamedPublishersubscribermodel is more appropriate for this
reason due tdts asynchronous natur@ommunication speeds may vary for each

elemen}, and greater scalability if compared to other communication models.
3. Must suppa reattime operation.

Data from DTmust be coming with redime precisionthus enabling precise analysis

of operating PDS.
4. Availability and clarity of documentation

Concise documentation that is easily available and covers all infi@mation

regarding middleware iequiredto ensure smootimtegration into a system.
5. Quality of the support and livelihood of developer communities.

The lvelihood of developer communitieguarantees that middleware is being
improvedcontinuously reported bug fixes get resolyethdhelp will be guaranteed

if edge caseare encountered

In a previously conducted studg3], the author has compardgtie most common
middleware frameworks thatpply to the investigated study case. The resultstio#
comparison are presentedTable 1. An initial group ofmiddleware frameworksvas
selectedased orheir application casdsindustrial, automotiveor robotics From there,

it was important to select those supportthg puldisher-subscribe model. Thenthe
advantages and disadvantages of all middleware frameworkscoeselered, and the
choice in favor of ROS2 was madeThe rative suppadr for reattime operation,
availability ofextensive documentation, atigeuseof a sandardizedDDS) middlewvare
were the key factors taken into accowiso, the liveliness of ROS2 was considered the

best as it is an actively developing platform.
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Tablel. Comparison of available middleware framewdga].

Framework ng:gzlse Type Me_?;sgmg Advantages Disadvantages
+ Reatime support - Inactive community
Inter-Process Message bus + Solved headf-line - Development
ach 2013 Communication Publish problem for accessing the discontinued
mechanism subscribe newest message - No ready software
+ Extensive documentation packages
+ Extensible family of
. . Publish connectiqn types _ - Limited real time suppol
YARP 2002 Robotics middleware . + Extensive documentation - No ready software
subscribe + Active community packages
+ QoS policies
Libraries and tools for + Distributed network topology - No ready software
message passing and Publish + Lowlatency interprocess packages
LCM 2006  data marshaling, subscribe communication - Development stalled
targeted at reatime + Large support of - Weak documentation
systems programming languages - Inactive community
+ Extensive collection oéady - Limitedrealtime
to-use packages support
ROS 2007 Robotics middleware Publish * Extgnsive documentation ~Hasa ma;ter Server
subscribe + Active community through which all
connections are handled
- Supportends in 2025
+ Reatime support - Development is still
+ Distributed network topology ongoing
Publish +Native enbedded support - Documentation is
ROS2 2017 Roboticsmiddleware . + Based om standard aimed moreat ROS users
subscribe . )
+ Active community - Some of ROS ready
+ Extensive documentation packages are still being
+ QoS policies portedto ROS2

In [23], it was also discovered that the reliability of DDS implementation makes ROS2
better at retaining messages andivéeing them without losse$ in high-frequency
communicationthelatency wagoughly 25 times lessnd the number of lost messages

was 32 times less in ROS2 compared to ROS. The discovery was made through latency
testingi every nessage contained a ldeaconsisting of a unique ID and a timestamp.

All publishers inserted an IDOnto the message with the time of submission. All
subscribers were aware of the message ID that they needed to receive. If the IDs matched,
the timestamps were compared, dhd difference (ndicating the latency) was saved

Else, the message was considdost, andthe subscriber would reset the ID to the next
expected one. All data was logged into text files andlyzedseparately using Jupyter
Notebook.
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3.3R0OS2

ROS2is astateof-the-art framework for robotics developmethtatconsists ot large set
of free and opensourcetools and libraries for robotic engineerirgnd astructured

communicatioriayer.

The communication in ROS2 is readid viaa publister-subscriler messaging pattern
Messagng occurs between ROS Nodes which dedined asiprocesss that perform
computatiod [24]. ROS Nodes caadvertisg(produce and send messagassubscribe
(receive messageR) Topics(name buses over which Nodes exchange Messijgs)
ROS messages constituiata structuresmade oftyped fields[26] to groupall the
necessary informatiocollectedby ROS NodesMessages can be default ones provided
by ROS packages or they can ciestomdefined. Additionally, ROS2 hasa request
responsemessaging pattern in form of ROS Servjoghich is suitable for cases such as
onetime requess to complete someperation

ROS2 also provides set of GUI and CLI tools for debugging and monitorR@S2CLI

tools typicallyenable users to get information regardsupscriptions and publishers
frequency ofsubmittedMessages, th®lessage contenetc. The GUI toolsallow data
visualizationi for example RQt Plot is used to plot the data on a time graph to visualize
howdata is changing over timoskags[27] allow recordingROSMessagesn different
topicsto playthis data backateri a feature particularluseful for offline development,

anddevelopment based on data gathered duringlifeaperations.

ROS206s prROBevaswidety osed in academia and research for its rich set of
documentation and available ROS packagdseady developed software components for
complex robotic tasks (navigation, localizath, computer visionetc) that areopen
source and availabl® everybody ROS was welperceived by theommunity- it is
widely used in academic institutions for education and research. Furthetineoesywere
some commercial robot platforndeveloped28] as well aghe largest framework for
autonomous vehicles developmémiutowareAl [29]. However,asthe use of RO%/as
growing beyondthe academicworld, it becameapparent that ROSnust meeta
completely new set of demands than it oradiyy was created forTherefore, the
development of ROS2 bag with theaim to create a robust platform suitable to operate

in reattime, in nonideal network conditions, and be possible to use on embedded
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devices.ROS2is developed and managed by Open &l with some parts othe
software being caleveloped byrenowred industry leadersin the automotive and
technologysectorgsuch as Bosch, Sony, AWiRobot, etc)30].

3.3.1R0OS2architecture

The communicationin ROS2is based orthe DataDistribution Service a middleware
protocol and API standard for datantric connectivity from the Object Management
Group (OMG). Itprovidesreliable, lowlatency and realtime communication. Its key
featurei dynamic discoverand Quality of Service (Qo®)akes it servefree and more
extensiblg31]. In large systems with multiple communicating elements, DDS solves the
problem of scalability and speed, providiadast network. DDSs wellstandardized
[32], and ha beena part ofothertime-critical gandards used in automoti\eegrospace

and defereindustriese.g NATO NGVA, AUTOSAR Adaptive)33].

ROS isstructured as followghe user application layer is used for writing software for
ROS Nodes. The user application layelies onthe ROS2 Client layer, which provides
users with the languagspecific (C++, Python, C) API for ROS2 core libraries and
functions. The client layer is connectedthe DDS Abstraction layer which binds ROS2
with DDS implementations. The communication is handled entirely by various DDS
vendorson the DDS Implementation Layer. ROS2 entirely resides in operating systems.

The visualrepresentation alescribedarchitecture can be seanFigure8.
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Userwritten software can be grouped into ROS Packagescompiled uag colconi a
process automation CLI tool fowilding sets of software packag&€ompiled software
can be launched by a standalone execution, or it can be executed iracssieéng to

specifiedlogic, usinglaunchfiles.

3.3.2micro-ROS

To gather information from sensors and influence the operation of the TB, hardware
interfacing is required. The simplest hardware for this purpostdwae microcontroller

units (MCUs) i compact integrated circuits signed to control specific operations in
embedded systems. TypicalMCUs would be used for lovevel operating, contrognd

data gathering withninterface to a highdevel governing system. For instanttee OS
manages the acceasd use of resources the user and is interfaced with hardware.
Hardware on the other hand, has its firmware that manages energy, internal settsors
MCUs vary, they have different resources and are equipped with different base software
available.

Default distributions of ROS2 are not optimized for use on microcontrolleeakiime
OS. Communitydeveloped solutions to tackle these problemstexiamelyrosserial
[34] andmROY35], but theyhaveavery limited set ofeaturesand their development
is discontinued Considering thefeatures available in ROS2 (QoSecurity and
ambitions to support rediime operation, anicro-ROS (micro-ROS) project has been
established36].

micro-ROSis amicrocontrolleroptimizedROS2 distributiorthat supports all the main
features of ROSIh resourceconstrained environmendsd can be seamlessly integrated
with ROS2. It ighedefacto standar®ROS2 approach for embedded systedeyeloped
by BoschGmbH[37]. micro-ROSaims tobring support to a wide set of microcdasilers,
but for now there is a limited set @ffficially and communitysupported MCU platforms.
Additionally, Bosch GmbHprovidesinstructions on how teompilemicro-ROSon yet
unsupported MCU platforms that meet the minimal hardware requirements.

It is important to note, thahicro-ROS:Is still in active development, and it has not yet

been officially standardized for production use.
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3.3.3Difference between ROS2 andnicro-ROS architectures

As described i§36], the executors present ROS2(rclcpp) andmicro-ROS(rclc) are
different rclcpp executorrequires dynamic memory allocation, whicdnnot be used on
many microcontrollers. Additionallythe rclcpp library was not created for resource
constrained environments and thus it is not optimized tbdismall memory of MCUs.
Furthermoretherclc executor features determinissicheduling an@éxecutionandreal

time guaranteel88].

If in ROS2 the choice of DDS Implementation is availabla tser,in micro-ROSit is
fixed toeProsimavlicro XRCE-DDS - a software sloition that allows communication in
extremely resourceconstrainedenvironments i this specific case MCUs) with an
existing DDS network39].

Contrary toROS2, the choice of OS (if availabls)imited only to RTOS that can operate
on MCUs.Currently, supported ones are ZephifreeRTOSand NuttX[36].

Other features, such as Node discowargbridge betweemicro-ROSNodes and DDS
middleware are resourdaingry and are implemented in a RQ%\genti a separate
piece of software that is meant to run on the host where ROS2 is running. It supports
Serial, UDR and Bluetooth connection with MCU.

The @ovementioned differences can besetvedFigure 9 which illustrates the full

architecture ofnicro-ROS

C++ API
(rclcpp)

Convenience functions,
deterministic execution, ...

ROS Middleware Interface (rmw)

[l ROS 2 BN Micro XRCE-DDS Client
Agent Ethern;t,

rclc:

oo
=
=L
—
(1]
£
£=
Q
c
(7]
o

Bluetooth,
el POSIX + Additional abstractions

Zephyr, FreeRTOS, NuttX Additional

drivers, ...

Figure9. micro-ROSarchitecturg36].
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3.4 Section summary

In this section the definition of middleware was giverAn gppropriate middleware
frameworkfor purposes of DTvas selected. The selection process incladt=inparison
of availablemiddleware frameworks that satisfy the giveitecra anda comparison of
performance between ROS and ROBE&finitions and architectueof ROS2 and micro

ROS frameworks @aregiven
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AMi ddIl eware 1 mpl ementation for

This section providesthe description and requirementsf the middleware
implementation. The details ¢iie middleware interface to hardware and software are

given.The nethod of gathering motor data using an MCU is explained.

4.1 Desired operation and requirements

To implement themiddlewarefor the DTof PDS it is required to first determinghat it

should be interfacedith, and which operation must be performed througin thescope
of this Moauslyseverdl sompomertsof RDS are choseddtailed study: the
HES880 frequency converter and the traction motor. The studiedipB®S TBcan be
seen illustrated ifigure10.

Cinergia HES880
——_
TAG:BAT x N TAGTD %
TAG:LD1 % TAG:LD2 X
ACS880 ACS880
\_ Drivel J\ Drive2 |
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Lt TORQUE ' .. TAGILMZ %

TAGILM1 %

TORQUE SENSOR 2
SENSOR 1 - LOADING
MOTOR 1 (LEFT WHEEL) MOTOR 2

Figure10. lllustration of studied componenits TB for PDS. Studied parts are enclosedbgd frame

The desired operation to hdfilled for the abovementiced components of PDS TB is
defined as follows:

1. All entities and their subsystems and components must be grouped and

structurally represented in the middleware
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2. The DT middleware must receive the data regarthegupply input poweo the
Mitsubishi PM3M traction motor Y4F1

The supply input powes defined as 3-phase voltage and current that is generated
by a frequency converter attached to the motor. Based on input configurations, the
frequency converter modifies the power supply that is then sappdi the motor,
causing it to work. The power supply modified by the frequency converter must be

sampled and sent into the middleware.

3. This data must be conveyed to the service entity to calcularathe or 6 s out pu

parameters

The ®rvice entity, upon eption of data, must extract the following parameters
using analytical model of the traction motor: angular velocity and torque of the

traction motor.
4. Calculated torque and angular velocity must be sent into the middleware

Parametergalculated by the service entity must be present in the middleware for

other entities

4.2 Proposed solution

Considering thedescribed operation and requirements presenteSestion4.1, the

following solution is proposed:

1. An MCU with microROS installedvill be connectdto the output of frequency
convertetHES880to samplethe dataatal kHz frequency.

2. The sampled measurements are serialized into ROS messagsgrdmnal the
middleware (via a micrcROS agenthosted on a separate machire)the

designatedopic.

3. Theserviceentity connects to the middlewaly subscribingo the designated
topicand processes tlirecoming data to calculateeangular velocity and torque

of the traction motor.
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4. The serviceentity publishes the resultant angular velocity and torque to the
designated topic, thus sending the data back to the middleware.

The proposed solution is illustied inFigure11.
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Figurell. Draft of a proposed solutiorJ, V, W indicate thel,2 and Phase voltage and current.

Service entity input: Current and
voltage measurements

Service entity
(MATLAB)

Service entity output: calculated
angular velocity and torque

In the proposed solution thmiddlewarecoverage rangekom a host Windowsl0
machine tca microcontroller. Due to the micsfBOS agentequirementsit executen

a guest Ubuntu 20.04 virtual machif\éM). The service entitgxecutes irm MATLAB
run-time environment installed in Windows 1Defined ROS2 messages and interfaces
between entities are describedSection4.3, service enty is described irBection4.4,

and used hardware elements are describ&dation4.5.

4.3 Structure of ROS2 middleware

Inside theDT it is expected thtacomponents, partsand subsystems are going to
communicatewith each otber. Thepublisker-subscribe topology allows for flexible
communication between them. But the problem that arisedéav does a component
know which informaion it is supposed to recelre&Considering the design of physical
entity TB (as described i14.1), we will have a total of three motoirne as part of PDS
and two loading motors to simulate the load. These three sncdonmunicatéhe same
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information (torque, angular velocity, power, etolit they must be differentiate@ihe
same applies to whole subsystemthere may baimilar sets of information flowdyut
they may be required inside the subsystem only, witegpbsure to other subsystems.

To solve this, context is requiréar every ROS Node, ROS Messagad ROS Topic.

4.3.1Naming requirements

To differentiatebetween subsystems in the DT, hierarchicating and groupinghould

applyto every component ahe DT.

ROS2 provides a flexible naming configuratiathelps developers to design modular
components of their ROS2 applications and for atteebe able to easily integrate them.
Although every component is required to have a ftefined name for a Node or Topic,

it can be renamed, mapped, or grouped by any name defirtbd iiser. The names can

be of two types: relative and gldbA global name would indicate a completely specified
name for a Nod or Topic, and it cannot be modified. Relative names can be supplied
with a namespace during configuration and latinefhich makes it possible to hatlee

same Nodes grouped under different names.

In our middleware design, all names are expected to |lattveeand specified with a
namespace indicating a groaipa launch time. This will allow modular development and
reuse of DT components. Thus, every component will have a default relative Node name
(indicating which component it is generally) and Top@&mes (indicating the generic
parameters it communicated with), and upon launch time these components are grouped
by a namespacaccording to the naming requirements of P&3 project that can be
shown inTable2.
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Table2. Namespaces used for grouping components of the DT

Name of the namespace Components to be used for

Traction motor components, torquengular velocity, power calculating nodes, al

ftb_tm hardware connected to them.
/tb_Im_left ) ) )
Any loading motor components: torque, angular velocity, power calculating no
any hardware connected to them. Left and right specify exactly which loading
in the physical entity it is.
/tb_Im_right
/tb_service Service entities used fahe analysis of the TB PD&arning systems.
/tb_virtual Components ofhe visual entity that are interfaced to ROS Middleware.
/tb bat Components related tdhe battery that is usedto simulate operating battery in
- ISEAUTO.
Ith td Components related térequency convertertfaction drive HES880 used to contro
- traction motor)
/tb_Id_left
Components related to frequency converters (ACS850 used to control loading ma
Since each frguency converteican control only one motor, they are designated le
and right per loading motor they control.
/tb_Id_right

It is important to note that namespaces are generally applied to Nodasethasociated

with the component of DT they represent, and topics they would send the data to would
i nclude t he NHodevds,stis poasible ®rgNadesof one groupequire

data from Nodes of other groups.

To better illustrate the latterssume there are two Nodéth_tm/left_shaftconsumer
and /tb_Im_left/torque_producer/tb_tm/left_shaftconsumerNode is expecting to
receive the torque that left loading motor e on it. In this case,
/tb_tm/left_shaftconsumer Node would subscribe to a topigublished by
/tb_Im_left/torque_producerode (e.g/tb_Im_left/torqué In this case, it is logical to
assume that the exerted torque is a part of loadingmo®rt her t han t he
shaft.
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4.3.2R0OS2 messages definitions

Section3.3described ROS messagesastom or standamhta structures made of typed
fields to group information provided by Nodes.H0T, custom messages were defined
to group several signals and/or parameters together thaglated by timeand context
Every message contaiasheader that recasthe time of submission and a unique 1D of
the messageAll messagesvereincluded ina separate ROS Packagjgital_twin_msgs
that is required by the middleware to operate the Bpart from custordefined
definitions, the middleware usestandard ROS messages (std_msg$J0] where
necessaryMessage defined in ROS packatjgital_twin_msgsan be seen iable3,

and the structure of each message cambiserved irAppendix2.

Table3. Messages of DT defined in the digital_twin_msgs package.

Name of the message Description

A message consisting & phase currerg values Used to store information

digital_twin_msgs::Current about AC current.

A message consisting of 3 phase voltages vallksed to store information

digital_twin_msgsYoltage about AC voltage

Message comprised of Current.msg and Voltage.msg wiithestamp Used

igital_twin_msgs:: lyln . ) ;
digital_twin_msgs::Supplylnput as a container struare to communicate the AC input of the motors.

A message consisting pbwervaluesof a 3-phase AC input every phase and

digital_twin_msgsPower . . .
gital_twin_msg total mean Includes dimestamp Used to store information about AC power

Generic float datdype message witla timestamp Can be used for any topit

dlgltal—tv‘”n—msgsHoawzsmmpeo'requiringageneric float type dataontainer.

4.4 Used service entity

The service entity in use for the objective is an analytical simulation model of the traction

motor which was built in MATLAB/Simulinkinterfaced with middleware The

simulation model was developed bthea ut h or 0 s forcaodeparata gesearch

problem, as presented[dl]. Hencethis modeis notinthes cope of t hi s Mast €
and will be treated as ablackbox The model 6s pthetpa@asée i ion tmot oa

output torque and angular velocity based tbe input voltage of the motoihe
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calculation is based on derived analytical equations of the electromagnetic properties of

the traction motor.

The input voltage of the model is the input voltagelodtraction motor generated liye

HES880 frequency converter and is expected to be received lsgithiee entityin real
time. A RO Subscriber MATLAB block is used to connect thgervice entityto
middleware for voltage data receptiandaROS Publishe™ATLAB block is used for

sending angular velocity and torque data back to middlewdhen received, oltage

inputis deserialized usingBus SelectoMATLAB block and is directed into the model.

Whenfinished processing, the model outputs angular velocity and torque parameters; in

combination wititheBlank Messag®ATLAB block, these parameters constitute a new
ROS message that is then published iRCE2 publisheblock. The described service

entity can be seen iRigure12 and its interface with middleware is shownTiable4.
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Figure12. MATLAB/Simulink block diagram of used service entity.
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Table4. Middleware interface of service entity.

Topic Message type Description

Topic to subscriheJsed tareceive voltage of

/tb_tm/supply_input digital_twin_msgsSupplylnput traction motor from the middleware.

Topic for pblisting. Used to send the

/tb_tm/torque digital_twin_msgs::Float32Stampe calculatedtorque to the middleware.
Topic for pblisting. Used to send the
/tb_tm/angular_velocity digital_twin_msgs::Float32Stampe calculated angular velocity to the

middleware.

4 5Hardware interface betweenTB and middleware

To gather the data from th¢ES880 frequency converter and direct itmaldleware,
there must be hardware that serves as an interface between these two entities. In our case,
it must bean MCU capable of reading analog dakeae a peripheral interface able to

communicate via SeriddSB andbe possible to run with micfBOS.

One of the aims of mickROS is to provide support farlarge number of families of
microcontrollers. Although this islarge and complicatedtagkh en t hi s Mast er 0 S
was written several microcontrollearhilies werealreadysupported42]. This meant,

that there were tools for compilation of mieROS to targeted microcontrolleend

official manuals assisting in this matt&€onsideringthe requirements, thefficially
supportedmicrocontrollers by micrd&ROS and the availability of the latter on the

premises of Tallinn University of Technology, a choice was made to proceetegitisy

4.0.

Teensy 4.0J43] is a small ARM family microcontroller It features a 600 MHz RM
CortexM7 processorwith 1024kB of RAMand 1984kB of Flash memoxyith USB
peripheral supporting speeds up4®0 Mbit/sec. It featws 40GPIO pins, 14 of which
can be configured as analog input pifisensy is programmable througinduino IDE

with aninstalled Teensyduinaddon. Teensy 4.0 is illustrated figurel3.
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Figurel3. Teensy 4.0 microcontroller urf#3].

To fulfill the operation described Bectiond.1, Teensy 4.0 with mickROS software
will gather the data frorthe HES880 frequency converter and send it to the middleware

via a micreROS agent.

4.5.1Teensy 4.0 with micreROS

To get micreROS running on Teensy 41be official tutorial from micreROS[44] with
some additional steps was followdnlthe tutorial, it is suggested to downldhdalready
pre-compiled micreROS library for microcontrollerand just copy it to thArduino IDE
library folder. For the desired operatiohowever,support fordigital _twin_msganust
have been providedhus additional steps werequired For this tohappenthe micre
ROS librarywas recompiled according to instructions from the official Github repository

[45]. Thefollowing steps were done
1. Download andnstall ArduinolDE and Teensyduinaddon.

2. Download themicro-ROS Arduinaosourcdibrary for ROS2 foxy distribution

gitclone  git@github.com:micro - ROS/micro_ros_arduino.git
git checkout  foxy

3. Add dgital_twin_msggackage t@folder

/extradlibrary_generation/extra_package$ micro-ROS Arduino library.

4. Compie the micreROS Arduindlibrary for Teensy 4.0.

sudo docker pull microros/micro_ros_static_library builder:foxy

sudo dockerrun  -it  -- rm -v $(pwd):/project - env
MICROROSIRRARY_FOLDER=extras microros/micro_ros_static_library builder:foxy
- p teensy4

5. Copythecontentsdérci nt o t he Arduino | DEG6s | ibrar)
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Afterward, micro-ROS API becomes availabfer use inArduino IDE andenables to
write, compile and flaskwritten softwarewith digital_twin_msgsnessagesicludedin
Teensy 4.0As soon ashesoftware is flashed and is working correctly, Teensy 4.0 must
be connected to a computer withmicrooROS agent via a USB. By defaukhe
connection is plugindplay andhemicro-ROS agent should detect new microcontrollers
automatically. However, sindde micro-ROS agent is running on\éM, USB support
had tobe enabled in the settings ofV#M. Whenthe micro-ROS agent detects awe
connected microcontroller, ibecomes available in the whole middleware and the

communication (data sending and reception) starts automatically.

4.5.2HES880frequency converter

ABB HES880[46] is a mobile frequency converter for controlling asynchronous AC
induction motorsin thecase of TBHES380 controlsthe Mitsubishi traction motor. The
HES8® consists of 2 parts: the drive module a&hé control module. Based on the
selected parameters in the tohmodule, the HES8B modifies the supply AC voltage

and frequency into AC motor input.

The frequency converter directly dictatine operatiorof anelectrical motoit controk
by supplying AC voltage to the motor. Knowing thids possible to measutke
output of the frequency converter directly and then forward it to the middleware.

4.5.3HES880 output measurement

The output of HES880 is AC current, and appropriate electronics were required to
transform the AC current into a positiealy (larger than OVperiodicvoltagesignal in

a range of @ 3.3V, for Teensy 4.0 MCUo sample itSignal conversion and electronics
designweredone bythea ut hor 6 s c o lthereqaigdikeowlkedyg®ands&ilts to

solve this problem. Therefore, the electronics and signal conversion will be treated as a

bl ack box solution and is out of ashore scope
description will be provided to explain tigeneral idea of how the signal conversion is

done.

Threedevices, known as current clamps, are attached to the cables that connect HES880

output terminals withtheMi t subi shi tracti obDepembngaenthés i np ut

configuration and wiring he current clampsan measure voltages and currents and
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output both as voltage signals. These devices have conversion ratios (also known as
scale): ImV/A for currentlfat is, everyimV clampoutput represents 1 measured Amp
of inputcurrent), andOmV/V for voltage(that is, every 10mV clamp output represents
1 measured Volt of input voltage)he input signalgenerated by HES88R@ere inthe
range of+350A to -350A for currentand 4500V to-500V for voltage However, for the
selected operation of HES880, the generated current and voltage would not exceed
ranges 200A to-200A and+25V to-25V, respectively. As a result of conversion from
current clamps, the input signaiscurrent and voltagare scaled to: +200mV to

200mV andt250mV to-250mV, respectivelyBecausenost ADCs (analogo-digital
convertes) presat in MCUSs (including Teensy 4.0) can only process positive analog
signals, the output signals of current clamps must be brougie positiveonly range.

For this, a level shifter wassedthat lifts the signal by V.

Teensy 4.0 MCU features Jahalog input pins that can be used to sample the data.
Measurements of-Bhase AC current and voltage woulshuire 6 analognputs AO 1

A5 were used to sample the data,-A@ for current and A3A5 for voltages. The
frequency of AC current is estimatedlde around 20 Hzhereforeinput AC signalis
sampled at 1 kHz frequency, eliminating the possibility of aliasing. Teensy 4.0 MCU has
a 10bit ADC (input range 0 1023 bits) that can measure voltagetharange O° 3.3V,

which means that the resolutiohthe ADC is approximately 3.22 mVor conversion

of bits to voltagen mV, Equationl was used:

"y V] ) nocorn 1 1)
Equation2 andEquation3 show the conversion @icquired voltage to real measured
voltage and current, respectivéll000 was subtracted to bring the measured voltage
back toits original ranggevt_scalés thevoltage scale factor and is equal to 10 mV;,

ct_scale ighecurrent sale factor and is equal to 1):A

. Y pmnmm
VA WO Q

)

Y o pmnmnm
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With everything considerea script that handles data samplisgyrialization of data into
ROS messageand transport to the middleware was written, as presenfggpendix 3

The script was compiled using Teensyduino IDE and flashed onto Teensy 4.0 MCU.

4.6 Section summary

This section covered the detailsmiddleware implementation for a given problerhe
desired operation of a DT entity wdsscribedand a possible solutiomasproposed. All
communication details were covered: interfaces between hardwaresditvdare
components, subscribed and publishepids, and used messagewith the datathey
contain.An overview of used hardware components was gaedthe data gathering

method was explained.
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5Resul t s

This section covers thachieved results of the conductedrk. The sampled data is
shown, along wh the results of latency tests. Téectionexplainsachieved results and

provides suggestions for future work.

5.1 Acquired data

Acquired data by Teensy 4.0 MGas sampled at 1 kHz frequerayd converted to raw

voltage as shown ifcquation 1 The raw voltage measurement was then usedltolate

the real current and voltagas described in Sectioh5.3in Equations2, 3 and the

resultant measured current and voltage signalere serialized

into ROS2

digital_twin_msgs/SupplylnpubessageAs the last step, the messages were published

on ROS2 topidtb_tm/supply_inputThe operation was recorded by RO&8 arosbag

and analyzed in MATLAB. The resultsof measured AC voltage and curraran be

observed irFigurel14.
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Figure14. Real measured current and voltagea result of conversion) measured AC current, b)
measured A@oltage.U, V, W are designations for every phase in AC current.
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Acquired measurements of current and voltage appearrtoi®g but the overall
representation of sine waves of voltage and current are kept, thus aliasing was avoided.
Thereis a multitude of factors that can be the cause of the noise: losses in precisio

from sampling (as the ADC has-bi precision), noise from the level shifter caused by
oscillation of the shifting signal, the interference from the environment and the signal
quality produced by the HES880 frequency converter itfelsmooth out theignal,

the service entity uses a seceander filter implementation before feeding the voltage

signal to the main model.

5.2 Latency test

To validate that implemented solution can be used inthea a latency test was
conducted. For this specific case, R{faund trip time visual representation can be seen

in Figure15) latency test was chosen, due to MCU and host machisegsasg different
clocks. Different clocks may not be properly synchronized, leading to false results.
Furthermore, virtual machisespecificallyare subject toan occurrence known as clock
drift. Typically, VMs synchronize their clock with the host machine every 60 seconds and

therefore maylagbeh i n d bost syistem.

ftb_tm/ping fb_tmipong

time1 |

|

time2

|

e, @06 Q0 QP Q
awo Q¢ &

Figurel5. RTT latency test visualization.

To conduct th&RTT latency test, a new message type was definedstorgsof a message
ID and time stamp. Every message was generated by Teensy 4.0 MCU and B a
listener running in the MATLAB rurtime environmentThe listener, upon receiving the

message, verified that the message was not lost (by compariexptbeted message ID
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with the received one) and simply sent it back to the Teensy 4.0 MCU. When the MCU
received messages back, it calculatecgproximateime it took for a message to return.

To avoid running out of memory, the Teensy 4.0 did not sterdatencies locally and
forwarded them to a specially created ROS2 Node on a host machine that later calculated
mean, maximumand minimum latency. The test was conducted for 60000 mes3hges.
latency was measured microseconds sincéhe clock of Temsy 4.0 is capable of
recording timeonly with microsecond precisioWVritten scripts for the latency test can

be seen iMppendix4, 5, and6.

Latency test between Teensy 4.0 MCU and service entity yielded the following results:
only 560 messages out of 60000 were received, migan latency being 356s,
maximumlatency being7569¢s, and nmimum latency beingd2 €s. As investigation
showed,it was not the fault of middleware, bMATLAB /Simulink softwareitself.
MATLAB /Simulink was unableo receive data at high frequencies and was forced to

drop messageseading taalow rate of successfully delivered messages.

Such operationcannot be consideed reliable, and it can be concluded that
MATLAB /Simulink solutions must behanged to be capable of receiving higdguency

data

5.2.1Suggested improvementd the service entity

Even though MATLAB cannot process software in teak, it has a code generatbat

can transform various models into lowevel programming languages for target devices.
Essentially, MATLAB/Simulink code generator establishes a connection with the target
device, transforms the model into a C++ ca@d®l attempts to compile it using the default
compiler for ROS2. Therefore, the goal was to use the model of the service entity to
generate a ROS2 Node C++ code, with VM being the target device. After following the
manual on MATLAB/Simulink code generatip#7], the generatiosucceededand the
model was available &R0OS2 node in the VM.

The same RTT latency test was conducted to calculate the approximate latency of the
solution. The results were indeed better: ad@Dmessages were successfully delivered,
mean latency was 1%&, maximum latency was 6584, andminimum latencywas151

€s. The increase in reliability suggests that using ldesl code for processing data is

43



more preferred ithescope othe propgsedDT. For comparison, botlatency test results
can be observed ifable5.

Table5. Results of conducted RTT latency tests

Operatlon Messages sent (#) Messagesost () Mean Iavter,wy MaX|mL'Jm Ifiltgncy Mlnlmu'm Iavtepcy
environment >aov 0>au 0>au
MATLABun-time
on Windowshost 60.000 59.440 350 7569 92
Compiled C++
program on 60.000 0 197 6594 151

Ubuntu VM

5.3 0verview of conducted workand final solution

As a result of implementations describedéaction4, the following tasks were done:

1. Traction motor input data was sampled friteHES880 frequency converter by
Teensy 4.0 MCU.

2. The software for Teensy 4.0 MCU was written ugimgmicro-ROS framework.
The oftware handlel data sampling, serializatipnand transport to the
middleware via a micrROS agent.

3. The ®rvice entity wasnterfaced with the middleware to receive and send the

traction motor data.
4. A latency test was conducted to estimate the reliability of the solution.

5. Conversion of MATLAB/Simulink model to C++ was made as a possible way to

fix unreliable data reception blie service entity.

The achieved result satisfies the operational requirements preseSéetiom4.1. ROS2
framework proves to be quite flexible for designing systems and implementing the intra
communication between the components of a system. Its internal implementatien of
DDS standard provides a reliable means to communicate in agppeer manne
Custom message definition, contextual grouping using namespaces and provided APl are
optimal for such field as DTtechnology The micro-ROS framework provides an eut

of-the-box approachfor connecting microcontrollers to ROS2. However, supported
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hardwae is still limited and some operational requirements for RIS are yet to be
fulfilled. MATLAB/Simulink computational abilities were found to be unreliable and
conversion to C++ had to be made to improve the communication between the

middleware and & service entity.

5.3.1Suggestions for future work

To improve the overall design of the Diig following improvements are suggested:

1. The service entity components that require Higlquency communication and/or
reattime operation must be migratedoaver-level implementation, such as C++

Python,or asimilar language/platform

2. For increased precisianf the DT, it may be necessary to utilizemmunication
protocols likeSPI or I2Cbetween MCU and the middlewarkhis will increase

possible messagirfgequency.

3. In thefuture, TB may have a very large number of connections to the DT, and
microcontrollers may not be the optimal way to interface these connections. A

larger module/router would be required in this case.

4. Electronics that handle signal presang may need to be of higher precision to

eliminate noise.

5.4 Section summary

This section providedn overview of conducted work. Latency tests revealed that the
service entity implementation in MATLAB/Simulink was very unreliable when it came

to receivingdata. A solution to mitigate this problem was provided. Overall, the latency
between the MCU and the service entity is low enough to be considerdonedlhe

final solution was presented, featuring all the interfaces between the components of DT.
In the endthe author provided suggestions for future work to improve the state of the
DT.
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6Summary

Digital Twin (DT) technology is a trending technology in the automotive fledd
allowsadvanced analysis and testimfgsuchcomplexsystems. Autonomous vehicles

are a special casethe possession of large amounts of sensors and processing
capabilities allows a very irdepth study of the internal workings of the vehicles, but
very little is done towardtheunderstanding of how these autonomous vehicles are
affected during operatioriror this reasorDT for propulsion drive of autonomous
electric vehicle (project numb®SG453) was established. The project aims to develop
a DT for the proplsion drive systerof ISEAUTOT a selfdriving vehiclebeing
developedy Tallinn University of Technology since 2018.

In recent years the DT technologytireautomotive field has seen a spike in
publications and various methods are actively proposeédiiacussed. The latest
developments indicate interest in creating kpgécision DTs for hardware components
of the vehicles imnattempt to create cosffective, indepth analysis systems.

The goal of this thesis was to connect two entities pres&nr iarchitecture, proposed
by PSG453: a traction motor frorthe physical entity with the analytical model of the
motor fromtheservice entity. The connection had to follow the implementation of
middlewarei a special software layer that handles all timunication between all
the entities of the DT systemhe chosen middleware framewadrlROS2, was

described in terms of architecture and capabilities.

As a result, lte traction motor was interfaced with ROS2 middleware via Teensy 4.0
microcontroller tlat usesmicro-ROST a ROS2 framework for embedded devices. The
analytical model of the motor developed in MATLAB software was interfaced with the
middleware using the provided ROS2 API. The acquired results were presented and
analyzed. The latency testtows that the implemented solutioperates in real time. At

the same time, the latency tesggested that the service entity had to be run outside the
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MATLAB run-time environment due to low reliability, hence an improvement was

made to overcome thissue

Based on the results of papenwagvrittbhatedéseribed s t he s

the used approach for connecting DT entiéied describing the Aeved results.
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Appenddixgital twin_msgs ROS2 mes

Voltage.msg float32  voltagel
float32 voltage2

float32 voltage3

Current.msg float32 currentl
float32 current2

float32 current3

Supplylnput.msg builtin_interfaces/Time stamp
digital_twin_msgs/Voltage voltages
digital_twin_msgs/Current currents

Power.msg builtin_interfaces/Time stamp
float32 phasel
float32 phase2
float32 phase3
float32 total

Float32Stamped.msg builtin_interfaces/Time stamp
float32 data
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AppenmnddiEmbedded soft wa

transpourtrienmgt and vol

¥ @file tractionMotorMeasurement.c
*  @brief Script to handle data sampling, serialization,
* and transport to middleware of TB DT.
*
*  @author Sergei Jegorov (sejego)
*

#include <micro_ros_arduino.h>

#include <stdio. h>
#include <rcl/rcl.h>

#include <rcl/error_handling.h>
#include <rclc/rclc.h>

#include <rclc/executor.h>
#include <unistd.h>

#include <time.h>

#include <std_msgs/msg/float32.h>
#include <digital_twin_msgs/msg/supply_input.h>

#define LED_PIN 13

#define RCCHECK(fn, del) { rcl_ret_t temp_rc = fn; if((temp_rc !=
RCL_RET_OK)){error_loop(del);}}

#define RCSOFTCHECK(fn) { rcl_ret_t temp_rc = fn; if((temp_rc =
RCL_RET_OK)){}}

rcl_publisher_t p ublisher ;
digital_twin_msgs__msg__ Supplylnput msg ;
rclc_executor_t executor ;

rclc_support_t support ;

rcl_allocator _t allocator ;

rcl_node_t node ;

rcl_timer_t timer ;

unsigned long long time offset = 0;

const char *node_name= "teensy mcu" ;

const char *node_namespace = "tb_tm" ;

const int VT_SCALE= 10; /I scale for voltage measurements 10mV/V;
const int CT_SCALE= 1; /I currentfir current measurements 1mV/A

typedef struct timespec timespec ;
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/**  @brief Synchronize time of MCU with uROS Agent time

*

This function makes a call to uROS agent on the host to

* receive the UNIX time in nanoseconds. The current time of the MCU
* starts counting from 0 when it launches, thus we can find the time

* offset by subtracting MCU time from an actual UNIX time

*  @paramNone
*  @return None

*

void sync_time (void )

{
/I get the current time from the agent
unsigned long now = millis ();
RCCHEQKmw_uros_sync_session (10), );
unsigned long long ros_time_ms = rmw_uros_epoch_millis ();
/l now we can find the difference between ROS time and uC time
time_offset = ros_time_ms - now,

[** @brief Get current UNIX time of the MCU

*

* Takes into account the calculated offset and returns the UNIX time in
seconds and nanoseconds

* since seconds to be used as timestamp.

*  @paramNone

*  @return timespec type current time in UNIX seconds and nanoseconds since
seconds

*/
timespec get_time (void )
{
timespects = {0}
I/l add time difference between uC time and ROS time to
/I synchronize time with ROS
unsigned long long now = millis () + time_offset ;
ts.tv_sec = now/ X
ts.tv_nsec = (now % ) * X

return ts;

[**  @brief calculate the sample into voltage in mV
*
* Recalculates the input sample bits into voltage. Knowing
* that ADC is 10 - bit, it gives a precision of ~ 3.22 mV/bit

*

*  @paramint sample, a value from 0 - 1023
*  @return float voltage in mV
*/

float sampleToVoltage (int sample)
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return  sample*( )(( float ) ), /I mV

**  @brief Computes the real values of traction motor input.
*
* Each pin from AO - A6 is read and first computed to mV value,

* then is recalculated as follows: first 12000mV is subtracted to bring the
shifted signal down

* to original one, then it is scaled value to reflect the real value of
sampled current/voltage.

*

* @paramNone
* @return None

*
void computeAndPublish (void )
{

/I create a temo variable to store intermediate voltage values

int adc_in_sample = 0;

adc_in_sample = analogRead(0);

msg currents . currentl = (sampleToVoltage (adc_in_sample ) -
CT_SCALE

adc_in_sample = analogRead( 1);

msg currents . current2 = (sampleToVoltage (adc_in_sample ) -
CT_SCALE

adc_in_sample = analogRead(2);

msg currents . current3 = (sampleToVoltage (adc_in_sample ) -
CT_SCALE

adc_in_sample = analogRead( 3);

msg voltages . voltagel = (sampleToVoltage (adc_in_sample ) -
VT_SCALE

adc_in_sample = analogRead(4);

msg voltages . voltage2 = (sampleToVoltage (adc_in_sample ) -
VT_SCALE

adc_in_sample = analogRead(5);

msg voltages . voltage3 = (sampleToVoltage (adc_in_sample ) -
VT_SCALE

timespects = get time ();

msg stamp. sec = ts.tv_sec ;

msg stamp. nanosec = ts.tv_nsec ;

RCSOFTCHEQGH! _publish  (&publisher , &msg NULD);
}

[**  @brief Enter an error state, blinking the LED with a designated frequency
* in an infinite loop
*  @paramdelay_ms indicating the period of blinking
*  @return None

*

void error_loop (int delay_ms)
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{
while (1){

digitalwrite  (LED_PIN !digitalRead (LED_PIN);
delay (delay_ms);
}
}

[**  @brief Callback function with a wall timer used for publishing ROS
messages periodically

*

* Timer callback is executed everytime a timer fires an interrupt.
*
*  @parampointer to timer, int64_t last_call_time
*  @return None
*
void timer_callback (rcl_timer_t * timer , int64_t last _call_time )
{
RCLC_UNUS@Bst_call_time  );
if (ti mer!= NULD {
computeAndPublish ();
}
}

/**  @brief Setup function to initialize all ROS2 nodes, publishers,
subscribers, timers

* and uROS executors
*

*
* |nitializes UROS executors, publishers with designated topics and message
types, timers

* and callbacks for publishing and handling subscriptions. In case
something goes wrong,

* MCU will enter into an error state with LED blinking
*

*  @paramNone

*  @return None

*/

void setup () {
set_microros_transports 0;

pinMode(LED_PIN OUTPUT
digitalWrite  (LED_PIN HIGH;

delay ( )i
allocator = rcl_get _default_allocator 0;

/[create init_options, if fails, will blink every 1s
RCCHEQCKclc_support_init (&support , 0, NULL &allocator ), );

/I create node
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RCCHECKclc_node_init_default (&node, node_name node_namespaceg &support ),
)i

I create publisher, if fails, the LED blinks every 100ms

RCCHEQCKclc_publisher_init_default (&publisher , &node,
ROSIDL_GET_MSG_TYPE_SUP@ddg@al_twin_msgs , msg Supplylnput ),
"supply_input" ), );

/I create timer,

const unsigned int timer_timeout = RCL_MS TO_HNS;
RCCHEQCKclc_timer_init_default (&timer , &support , timer_timeout
timer_callback ), );

/I create executor

RCCHEQCKclc_executor_init (&executor , &support . context , 1, &allocator ),
)i

RCCHECQCKclc_executor_add_timer  (&executor , &imer ), );

sync_time ();

[**  @brief loop function where main code executes
* spin the executor forever to run UROS

*  @paramNone
*  @return None
*
void loop () {
rclc_executor_spin  (&executor );

}
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**  @file latency_test.c
*  @brief Script for generating data with time stamps
* and measuring RTT latency.

*  @author Sergei Jegorov (sejego)
*
#include <micro_ros_arduino.h>

#include <stdio.h>

#include <rcl/rcl.h>

#include <rcl/error_handling.h>

#include <rclc/rclc.h>

#include <rclc/executor.h>

#include <rmw_microros/rmw_microros.h>
#include <unistd.h>

#include <std_msgs/msg/u_int64.h>
#include <digital _twin_msgs/msg/latency_test.h>

#define LED_PIN 13

#define RCCHECK(fn, del) { rcl_ret_t temp_rc = fn; if((temp_rc !=
RCL_RET_OK)){error_loop(del);}}

#define RCSOFTCHECK(fn) { rcl_ret_t temp_rc = fn; if((temp_rc !=
RCL_RET_OK)){}}

rcl_publisher_t publisher_ping ;
rcl_publisher_t publisher_result ;
rcl_subscription_t subscription_pong ;

digital_twin_msgs__msg__LatencyTest msg_in ;
digital_twin_msgs__msg__LatencyTest msg_out ;
std_msgs__msg__UInt64 msg_res ;

rclc_executor_t executor ;
rclc_support_t support ;
rcl_allocator _t allocator ;
rcl_node_t node ;

rcl_timer_t timer ;

unsigned int msg_id = 0;
unsigned long long time offset = 0;
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const char *node_name = "teensy mcu" ;
const char *node_namespace = "tbh_tm" ;

[**  @brief Enter an error state, blinking the LED with a designated frequency
* in an infinite loop
*
*  @paramdelay_ms indicating the period of blinking
*  @return None

*
void error_loop (int delay_ms)
{
while (1){
digitalwrite  (LED_PIN !digitalRead (LED_PIN);
delay (delay_ms);
}
}

/**  @brief Synchronize time of MCU with uROS Agent time

*

This function makes a call to uUROS agent on the host to

* receive the UNIX time in nanoseconds. The current time of the MCU
* starts counting from 0 when it launches, thus we can find the time

* offset by subtracting MCU time from an actual UNIX time

*  @paramNone
*  @return None

*

void sync_time (void )

{
unsigned long now = micros ();
rmw_uros_sync_session (10);
unsigned long long ros_time us = rmw_uros_epoch_nanos() /
Il now we can find the difference between ROS time and uC time
time_offset = ros_time_us - now,

}

[** @brief Get current UNIX time of the MCU

*

* Takes into account the calculated offset and returns the UNIX time in
microseconds

*
*  @paramNone
*  @return uint64_t current time in microseconds
*/
unsigned long long get_time (void )
{
/l add time difference between uC time and ROS time to
/I synchronize time with ROS
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unsigned long long now = micros () + time_offset ;
return  now,
**  @brief Publish ping message with the ID and time stamp

*  @paramNone
*  @return None

*
void publish_ping (void )
{
unsigned long long stamp = get_time ();
msg_out. seq_id = msg_id;
msg_out. stamp = stamp;
RCSOFTCHHECHK_publish  (&publisher_ping , &msg_out, NULL);
msg_id += 1;
}

/¥ @brief Publish latency result message to calculating Node on host

*

* Calculates the difference in received time as a RRT.

*

*  @parampointer to message type
*  @return None

*
void publish_res (const void * msgin)
{

unsigned long long time_now = get_time ();

const digital_twin_msgs__msg__LatencyTest * msg = (const
digital_twin_msgs__msg__LatencyTest *) msgin;

msg_res. data = time_now - msg >stamp;

RCSOFTCHHECHK_publish (& publisher_result , &msg_res, NULL);
}

[**  @brief Callback function with a wall timer used for publishing ROS

messages periodically
*

* Timer callback is executed everytime a timer fires an interrupt.
*
*  @parampointer to timer, int64_t last_call_time
*  @return None
*
void timer_callback (rcl_timer_t * timer , int64_t last _call_time )
{

RCLC_UNuUS@Bst_call_time  );

if (timer != NULL{

publish_ping ();
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**  @brief Subscriber callback to perform operation when new message is
received

*

*  @parampointer to received message

*  @return None

*
void subscriber_pong_callback  (const void * msgin)
{
publish_res (msgin);
}

**  @brief Setup function to initialize all ROS2 nodes, publishers,
subscribers, timers

* and uROS executors

*

*

* |nitializes UROS executors, publishers with designated topics and message
types, timers

* and callbacks for publishing and handling subscriptions. In case
something goes wrong,

* MCU will enter into an error state with LED blinking
*
*  @paramNone
* @return None
*
void setup () {
set_microros_transports 0;

pinMode(LED_PIN OUTPUT
digitalwrite  (LED_PIN HIGH;

delay ( )i
allocator = rcl_get_default_allocator 0;

/lcreate init_options, if fails, will blink every 1s
RCCHEQCKclc_support_init (&support , 0, NULL &allocator ), );

/I create node

RCCHEGCKclc_node_init_default (&node, node_name node_namespace &support ),
)

/I create publisher, if fails, the LED blinks every 100ms
RCCHEQKclc_publisher_  init_default  (&publisher_ping , &node,
ROSIDL_GET_MSG_TYPE_SUP@dgal_twin_msgs , msg LatencyTest ), "ping" ),
)
RCCHEQCKclc_publisher_init_default (&publisher_result , &node,
ROSIDL_GET_MSG_TYPE_SUPPSR™Msgs, msg UlInt64 ), "latency results" ),
)

/I create subscriber, if fails, the LED blinks every 100ms
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RCCHEQCKclc_subscription_init_default (&subscription_pong , &node,
ROSIDL_GET_MSG_TYPE_SUP@digal_twin_msgs , msg LatencyTest ), "pong"),
)i

/I create timer,

const unsigned int timer_timeout = RCL_MS TO_HNS;
RCCHEQCKclc_timer_init_default (&timer , &support , timer_timeout
timer_callback ), );

/I create executor

RCCHEQCKclc_executor_init (&executor , &support . context , 2, &allocator ),
)i
RCCHEC(CKclc_executor_add_timer  (&executor , &timer ), );

RCCHEQCKclc_executor_add_subscription (&executor , &subscription_pong
&msg_in, &subscriber_pong_callback , ON_NEW_DATA );

sync_time ();

}

[**  @brief loop function where main code executes

*

* spin the executor forever to run UROS
*
*  @paramNone
*  @return None
*/
void loop () {
rclc_executor_spin  (&executor );

}
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latencyTestNode = ros2node ("/latencyTestNode" );
pause( 2);
global next;
global recv;
global lost ;
next = 0;
recv = 0;
lost = 0;
pingSubscriber = ros2subscriber (latencyTestNode , "/tb tm/ping" );
pongPublisher =
ros2publisher (latencyTestNode , "/tb tm/pong" ,"digi tal twin_msgs/LatencyTest"
while true
msg = receive (pingSubscriber , 10);
if next == msg seq_id
recv =recv + 1;
out_msg = ros2message( "digital_twin_msgs/LatencyTest" );

out_msg. seq_id = msg seq_id ;
out_msg. stamp = msg stamp;
send( pongPublisher , out_msg);
else
lost = lost + msgseqg_id - next;
end

next = msg seq_id +
if recv >=
quit ();

end
end
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/**

* @file latencyTestNode.cpp

* @author Sergei Jegorov (sejego)

* @brief This ROS2 Node records latencies, received and lost messages,
calculates

* min, max and meand latencies in microseconds.

*

* @copyright Copyright (c) 2022

*

*

#include <iostream>
#include <vector>
#include <chrono>
#include <ratio>
#include <memo ry>
#include <algorithm>

#include "rclcpp/rclcpp.hpp”
#include "rclcpp/time.hpp"

#include <digital_twin_msgs/msg/latency_test.hpp>
#include "std_msgs/msg/u_int64.hpp"

#include "data_logger/data_logger.hpp"

using namespace Datalogger ;
using namespace std :: chrono_literals

class LatencyTestNode : public rclcpp :: Node

{
public :
std :: unique_ptr <SubscriptionLogger > p_input_sub ;
LatencyTestNode () : Nodg "latency test node" )
{
PongPublisher_ = this -
>create_publisher  <digital_twi n_msgs: msg: LatencyTest >("/tb_tm/pong” );
PingSubscriber_ = this -
>create_subscription <digital_twin_msgs : msg: LatencyTest >('"/tb_tm/ping" , ,

std :: bind (&LatencyTestNode :: pingCallback , this , std : placeholders : _1));
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LatencySubscriber_ = this -
>create_subscription <std_msgs:: msg: UInt64 >("/tb_tm/latency results" , ,

std :: bind (&LatencyTestNode :: latencyCallback , this , std:: placeholders :: _1));
p_input_sub .reset (new SubscriptionLogger ("/tb_tm/ping” ));

RCLCPP_INFQclcpp :: get_logger ("rclecpp” ), "Subscription | ogger
initialized" );

RCLCPP_INFQclcpp :: get_logger ("rclecpp" ), "LatencyTestNode
initialized" );

}

private
[* Declare all message types, Publishers and Subscribers */

rclcpp :: Publisher <digital_twin_msgs :: msg: LatencyTest >:: SharedPtr
PongPublisher_ ;
rclepp :: Subscription <digital_twin_msgs :: msg: LatencyTest >:: SharedPtr

PingSubscriber_ ;

rclepp :: Subscription <std_msgs:: msg: UInt64 >:: SharedPtr
LatencySubscriber_ ;

digital_twin_msgs : msg: LatencyTest msg_to_send;

[* If the expected 'ping’ message is received, it is considered received,
* and is sent back to the original publisher. Then, it receives the
recorded latencies
* and stores them in a vector of latencies
*/
void pingCallback (const digital_twin_msgs : msg: LatencyTest :: SharedPtr
msg
{
if (msg>seq_id == p_input_sub ->next id ) {
msg_to_send. seq_id = msg >seq_id ;
msg_to_send. stamp = msg >stamp;
p_input_sub ->recv_counter += 1;
PongPublisher_ - >publish (msg_to_send);
} else {
p_input_sub ->lost count += 1;
}
p_input_sub ->next id = msg>seq_id + 1;

}

void latencyCallback (const std_msgs:: msg: UInt64 :: SharedPtr msg ){
uinté4 t latency us = msg>data / 2;
p_input_sub ->time_diffs . push_back(latency_us );
}
h

int main(int argc, char ** argv)

{

rclcpp :: init (argc, argv);
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auto ptr = std :: make_shared<LatencyTestNode >();
rclepp :: spin (ptr );

DatalLogger :: save_logged_data (“latency test results.csv"
rclcpp :: shutdown();

return ;
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The comparison between ROS and ROS2 based on the propulsion drive
of autonomous vehicle

Sergei Jegorov

Abstract—The Industrial Internet Of Things (IloT) is a
leading trend in systems development and is being applied
in various autonomous systems for control and monitoring
purposes. Sensors and actuators transmitting data over the net-
work prove valuable for creating models, conducting accurate
simulations, verifying and troubleshooting complex systems.
Such systems typically consist of several subsystems that are
relying on middleware frameworks for intercommunication.
Robot Operating System (ROS) framework is commonly used
in mobile robots and autonomous vehicles development. Having
collection of ready made packages available for use and
providing tools for nodes interconnection made ROS famous in
academy and industry. Since 2017, ROS2 is continuously being
developed and rel d, and will e lly replace ROS. Main
ROS2 targets are to eliminate problems present in ROS and
to add new features supporting real-time implementations. In
this paper, lhe autlmrs explain the importance of middleware,

iddl e frameworks commonly used in
the hclds of robotics and autonomous vehicles, and justify why
ROS2 could be preferred for the Digital Twin (DT) applications.
Moreover, research includes latency performance comparison
between ROS and ROS2 on a basis of existing DT system that
was migrated from ROS to ROS2.

Keywords — ROS, ROS2, digital twin, autonomous vehicles,
middleware, latency, IoT

I. INTRODUCTION

The advancement of ToT (Internet of Things) has created
new opportunities for creating sophisticated systems, such
as smart cities, smart gadgets, mobile robots, autonomous
vehicles, etc. In mentioned smart systems, the communica-
tion between the entities is happening inside a middleware -
distributed system services that have standard programming
interfaces and protocols [1]. The importance of middleware
is critical - without it the system cannot operate as a whole,
and this is especially a concern in the complex systems such
as autonomous vehicles, robotics, fault-detection etc. The
choice of the right middleware becomes therefore crucial,
as it often can determine how reliably and fast the system
will perform.

In previous research studies conducted by the authors, Dig-
ital Twin (DT) for propulsion electrical drive of autonomous
vehicle was introduced [2], with a dedicated test bench where
a real motor drive was connected with Unity 3D visualized
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motor[3]. The data exchange and additional computation was
happening in Robot Operating System (ROS). Since then, the
system defined in middleware was migrated to the successor
of ROS - ROS2.

In this article, the choice of middleware will be explained
through a comparison of available middleware platforms, and
results of performance evaluation of ROS and ROS2 will be
discussed.

A. What is middleware?

There is no official definition of the term "middleware"
available, as industry and academics explain this term differ-
ently, yet one definition found by the authors explains it the
most clearly: middleware platforms are intermediaries be-
tween sensors, services, and applications, managing the flow
of data and allowing them to interoperate [4]. Middleware
handles all the serialization and transfer of information from
one platform to another utilizing various applied standards.
Middleware has a defined Application Program Interface
(API) that allows engineers to bind the middleware software
to their parts of the system and allow inter-system communi-
cation. Dozens of middleware frameworks are available for
use, both proprietary and free of charge. Some of the frame-
works are based on standard communication protocols (such
as DDS), whereas other frameworks use custom solutions.

II. ASSESMENT OF AVAILABLE MIDDLEWARE

There is no systematic way of comparing different mid-
dleware frameworks, therefore, in this paper we will define
our set of criteria for evaluating and comparing the available
middleware. A set of qualitative criteria for IoT frameworks
was suggested in [4], what is also appropriate for the current
study:

1) area of application (web-development, embedded pro-

gramming, etc);

2) support for the desired communication model (pub-
sub, request-response, etc);
availability and clarity of the documentation, as well
as available tutorials;
quality of the support and livelihood of developer
communities;

3

=

4

=

First and foremost, the area of development of interest
of this study is industrial simulations for DTs. Since the
main research topic deals with electrical motor-drive system
and autonomous vehicle, it was considered beneficial to use
technologies that are either used in these fields or utilize
standardized protocols suitable for industrial/transportation
use cases.
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TABLE 1

COMPARISON OF AVAILABLE MIDDLEWARE.

Initial < M . q : ;
Platform Rélease Type Type Ad Disadvantages
+ Real-time support - Inactive community
ad 2013 Inter-Process Message bus + Solved head-of-line problem for - Development discontinued
48 o Communication mechanism Publish-subscribe accessing the newest message - No ready software
+ Extensive documentation packages
+ Extensible family of - Limited el dme
connection types SUBDOR
YARP 2002 Robotics middleware Publish-subscribe + Extensive documentation h NPZ ey ot
+ Active community ok ; Y
+ QoS policies pacxages
4 § : - No ready software
Libraries and tools for message :T:::-k;l.::e: ne:‘\:oﬁ :op:Ing\ packages
LCM 2006 passing and data marshalling, Publish-subscribe e - Development stalled
5 communication 5 g
targeted at real-time systems 3 - Weak documentation
+Large support of Thactive e S
prog S - Inactive community
- Limited real time
+ Extensive collection of support
ROS 2007 Robotics middleware Publish-subscribe  'eady-to-use packages - Has 3 masterisciver
+Extensive documentation through which all
+ Active community connections are handled
- Support ends in 2025
+ Real time support - Development is
+ Distributed network topology still ongoing
Rebotics iniddlewie + Native embedded support - Documentation is aimed
ROS2 2017 ’ ! Publish-subscribe ~ + Based on a standard more on ROS users

successor of ROS

+ Active community
+ Extensive documentation
+ QoS policies

- Some of ROS ready
packages are still
being ported

The communication model preferably should be modular
and of publisher-subscriber type, since at any point of
operation it should be possible to get the data of a single
component and study it. This can be helpful in creating sys-
tems where elements may need to get the data from another
shared element. Likewise, the control of subscriptions and
publishers is possible, either by stopping any publishing, or
publishing simulated data to observe the reaction of the sys-
tem. Based on these parameters, the following frameworks
can be considered suitable for the needs of the research:
ach, LCM, YARP, ROS, ROS2. An overview of the main
advantages and disadvantages found in these frameworks is
presented in Table I.

Ach [5] provides a message bus or publish-subscribe style
of communication between multiple writers and multiple
readers. A real-time system has multiple Ach channels
across which individual data samples are published. Ach was
created with intention to be used for communication in real-
time systems that sample data from physical processes.

LCM [6] stands for Lightweight Communications and
Marshalling. It is a lightweight library for message passing
using publish-subscribe model aimed at assisting the devel-
opment of low-latency, real-time systems. Apart from its
message passing and marshalling, the LCM is also notable
for providing real-time deep traffic inspection tool that can
decode and display messages with minimal user effort. LCM
is a standalone library that can be easily integrated in a
variety of systems.

YARP [7] (Yet Another Robot Platform) is a framework
developed to support modular development of humanoid
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robotics that are to be operated in harsh and non-ideal
conditions. YARP is highly modular and is compatible with
other frameworks, if needed. YARP includes a model of
communication that is transport-neutral, so that data flow is
decoupled from the details of the underlying networks and
protocols in use. Importantly for the long term, YARP is
designed to play well with other architectures.[8]

ROS - a framework for robotics development which con-
sists of a pub-sub mechanism that exchanges ROS messages
of TCP/UDP network. ROS is widely used in academia
and research for its rich set of documentation and available
ROS packages - already developed software components for
complex tasks (navigation, localization, computer vision etc)
that is open-source and available to everybody.

ROS?2 is the successor of ROS. ROS2 is currently being
actively developed to provide the following features: support
of Data Distribution Service (DDS) standard, industry-grade
support and the deprecation of original ROS in 2025 [9],
transfer of ROS core libraries to use the C++11 standard,
real-time operating systems (RTOS) and microcontrollers
native support [10]. The interest in development of such
system has even brought renown companies in technology
such as Apex Al iRobot and Sony [11] to work on various
features of ROS2.

It is understandable that these frameworks can perform
better or worse depending on the use cases. However, popu-
larity of ROS and its large support from the community and
technical industries promises a robust and reliable system.
Additionally, Autoware Al - leading development platform
for autonomous vehicles is based on ROS, and is used in



the studied vehicle - ISEAUTO [12]. The test bench that
was developed in [2] is largely based on the drive system of
ISEAUTO. Likewise, active development of ROS2, official
statement that ROS will be supported only until 2025, new
features of ROS2 all suggested that migrating existing system
in its early development stage would be beneficial for the
authors of the research.

ITI. COMPARISON OF ROS AND ROS2 PERFORMANCE

One of the questions that may arise in one’s mind when
migrating from one technology to another is, why is the
new technology better than the previous one? The topic of
difference in performance of ROS and ROS2 has already
been researched in [13], where dependency of latency and
size of the transmitted data was outlined. Since the release of
ROS2, researchers have been investigating the performance
of ROS2 in order to shed light on possible underdevelop-
ments of ROS2 and help to improve the system design. This
way, researchers could actively contribute to the development
of ROS2. Notable examples of such kinds are ApexAl's
performance test [14] and iRobot’s ROS2 benchmark [15];
these companies are directly involved in ROS2 development.
However, none of similar frameworks were found for orig-
inal ROS, hence the performance evaluation between two
versions (ROS and ROS2) had to be conducted from scratch.

A. Specimen case study

The system that acts as a specimen in the experiment is
a part (refer to it as loading_motor_dt) of Loading Motor
DT [16] that has been created initially using ROS and then
migrated to ROS2. The loading_motor_dt is a middleware
written in C++ laying between the real test bench and the
3D visualization simulated in Unity3D environment, and is
responsible for calculating physical values of the 7.5 kW
induction motor. Currently, loading_motor_dt uses the data
received from the data acquisition system (DAS) and from
the efficiency map created during a previous study. DAS
reads the 3-phase AC current and voltage magnitudes at a
specified frequency and stores them as ¢sv files. All files are
then loaded into the loading_motor_dt through ROS launch
files, processed and used for further calculation of motor’s
values. The structure of the current ROS system can be seen
in the Fig. 1.

B. Description of evaluation

There are multiple ways of determining the performance
of the system. In this research, focus will be on one of
the core values of any similar middleware - communication,
namely the latency of messaging. Latency can be defined as
a time delay between initial input and output. In the case
of middleware, latency would be the time delay between the
moment a ROS message was sent from one node, and the
moment it was received by the other node, e.g.:

tiat = trecv = tsent (M
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where t;qs is latency, fye is the time moment where
message was received and #g.,,¢ is the moment the message
was sent.

Every ROS message, apart from the load (or the useful
data) consists of two more data fields: the unique ID of
the message and the time variable in nanoseconds. ID is
required to verify that the received message is indeed the
expected message and was not lost. IDs are incremented by 1
every time they are sent. On the receiving node, the received
message’s ID is checked and then it is incremented by 1
- this way, if a message was lost, the receiving node can
still expect correct message during the next cycle. In case
the ID matches, the message is counted as received, and the
difference in t,.., and t..,; is calculated; otherwise, this is
omitted. Visually, this is represented in the Fig. 2.

In order to keep track of recorded latencies, tracked nodes,
received messages count etc, a separate class was defined -
Datalogger. DataLogger is a ROS-independent class (can
be instantiated in both ROS and ROS2), whose instances are
created for every launched node, and they keep the track on
aforementioned data and calculate the maximum, minimum
and mean latency of every node. When loading_motor_dt
stops executing, the following parameters per node are stored
in ¢sv files: topic_name, sent(#), received(#), mean latency,
maximum latency, minimum latency, frequency, message size.
These files are later grouped and analyzed using Pandas
Python package.

Each experiment is run for 60 seconds. All experiments
were carried out on a machine with the following parameters:

CPU Intel(R) Core(TM) i5-6300U CPU @ 2.40GHz
2.50 GHz

« RAM 32GB

« x64 POP OS! 20.04 (Ubuntu-based Linux distribution)
« ROS2 Foxy Fitzroy with | ROS Noetic Ninjemys !

IV. RESULTS

This section contains the results for latency test obtained
through Datalogger class and iRobot benchmark. Obtained
results were analyzed with Pandas in Python.

A. ROS vs. ROS2

Tables IT and III compare ROS and ROS2 latency tests.
The difference between ROS and ROS2 appear to be sig-
nificant, with ROS2 being much more robust and reliable.
In ROS, loss in messages appears to be higher for topics
transmitting messages at very high frequencies, whereas in
ROS2 they are somewhat independent of topic frequency.
Interestingly, both ROS versions show increased latency
for messages published on ’fairly low’ frequencies (0.2
Hz). Overall, ROS2 appears to be much more efficient and
reliable.

'Both versions were present on the machines, but only one at a time was
running for latency test. ROS2 uses Default DDS vendor cProsima Fast
DDS.
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Fig. 1. loading_motor_dt system in ROS2
TABLE II
LATENCY TEST RESULTS FOR ROS.
topic received(#)  lost(#) meanfus] max_latency[us] min_latency[us] message_size[b] frequency[hz]
1 /input_current 58199 337 8796.0 21603.3 180.4 24 1000
2 /input_voltage 58427 109 8837.3 22004.1 228.0 241000
3 [electrical_torque_ref 3532 36 2115737.8 4293061.0 2982.6 16 60
4 factual_rpm 3532 24 2114560.6 4293068.0 3024.2 16 60
5 /motor_power/electrical_power 11 0 2500060.1 4131624.0 558433.1 28 0.2
6 /efficiency 588 5 15823.0 17038.6 1743 16 60
TABLE III
LATENCY TEST RESULTS FOR ROS2.
topic received(#) lost(#) mean[us] max_latency[us] min_latency[us] message_size[b] frequency[hz]

I /input_current 58563 3 347.7 18525.2 476 24 1000
2 /input_voltage 58563 3 356.5 18489.2 57.8 24 1000
3 Jelectrical_torque_ref 3557 8 352.6 12211.1 71.6 16 60
4 /actual_rpm 3565 2 364.1 11237.5 91.4 16 60
5 /motor_power/electrical_power 11 0 350.6 496.6 282.6 28 02
6 Jefficiency 595 0 563.9 110559.0 99.6 16 60

B. ROS vs. ROS2 vs. iRobot benchmark

Another interesting comparison to show would be the
difference between the evaluation of ROS, ROS2 and iRobot
benchmark. As can be seen in Table IV and V, iRobot bench-
mark showcases even more superior results of evaluation
compared to one conducted in this research. However, it
should be noted that iRobot generates a ROS2 system based
on a defined topology, where all nodes are supposedly same
in their computation, and are optimized to maximum effi-
ciency. Additionally, the results generated by iRobot did not
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include the actual size of the message transmitted by nodes.
Defined message size in topology is recorded as a result,
excluding the size of the header each iRobot benchmark
message had. For this reason, additional 16 bytes (the size
of performance_test/header) were added to the message_size
column in Table IV.

V. DISCUSSION AND CONCLUSIONS

Conducted research shows that never mind the system
and middleware, there can and will be loss of some data



TABLE IV
LATENCY TEST RESULTS FROM IROBOT BENCHMARK.

topic received(#) lost(#) meanfus] max_latency[us] min_latency[us] message_size[b] frequency[hz]
1 /input_current 59849 0 78 902 9 28 1000
2 /input_voltage 59878 0 50 971 10 28 1000
3 Jelectrical_torque_ref 3595 0 92 750 20 20 60
4 Jactual_rpm 3595 0 93 4912 21 20 60
5 /motor_power/electrical _power 12 0 139 233 71 32 02
6 /fefficiency 600 0 102 796 16 20 60
TABLE V

ROS msg received

Received msg ID ==
Expected msg ID?

>

Expected msg ID =
Recelved msg ID + 1
Received counter += 1
Latency = Received
msg time - current time
L.

Expected msg ID =
Received msg ID + 1

Fig. 2.

Visual representation of DataLogger’s algorithm.

during transmission, and engineers must be ready to increase
redundancy in their systems. Same applies to the maintainers
of loading_motor_dt.

Communication reliability and speed appears to be signif-
icantly larger in ROS2, which can be explained by the lack
of rosmaster, adopted DDS standard and upgrade of ROS
features to accommodate newer C++ features. This suggests
that switching to ROS2 in the long-term will improve op-
erations of systems already written and proven to work in
original ROS.

Initially, performance evaluation of the ROS2 version of
the system was supposed to be conducted using only iRobot’s
framework, and an attempt was made to create a similar
framework for ROS. However, this idea was abandoned due
to the fact that original ROS design is not suitable for
the creation of a similar framework because of following
reasons:

1) Original ROS cannot dynamically generate Nodes>.

2This scenario is possible with use of Nodelets, but it then would assume
that Nodelets are running in a single process, which is not true in case of
our system in both ROS and ROS2
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COMPARISON OF ALL THREE LATENCY TESTS.

evaluations average_mean[us] lost(#)
1 iRobot’s ROS2 framework 92.3 0
2 ROS2 389.2 16
3 ROSI1 11273025 511

2) iRobot’s framework design targets latest ROS2 features
and API which are totally distinct from original ROS.
Reverse engineering in this case is unreasonable.
iRobot’s framework is well-designed and complex for
a reason - the outcome of this work directly contributes
to the development of ROS2. There would be minimal
contribution from such system to original ROS at this
time.

3

=

It still remains unclear why iRobot’s framework show-
cased significantly better result and if it is a result of opti-
mizations on iRobot’s side or disadvantages of our system,
and requires further investigation.

APPENDIX

All experiments with instructions are available on the
PSG453 project’s GitHub.
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Abstract—A modern trend for industry digitalization
brings new d ds for the develoy t and application of
the deling and simul approach. It is already not
enough to have only a virtual representation of the object and
run it independently from the physical object. The Digital
Twin (DT) aspect indicates a connection between the physical
object and the corresponding virtual twin established by
generating real-time data using sensors. The DT represents
physical object operation throughout its life cycle, making it an
essential tool for improving that object's reliability. In this
paper, an application of the DT service unit for AC motor
stator inter-turn short circuit fault detection is presented.
According to real-time measurements, Linux Robot Operation
System (ROS) simulates AC clectrical machine-specific
behavior in case of unbalanced stator currents and notify
about possible fault appcarance and propagation. Fault, such
as discussed in the paper (AC machine stator inter-turn) is
considered one of the most prevalent possible electrical motor
failure.

Keywords— Industry applications, Motor drives, Model-
driven development

I INTRODUCTION

The Digital Twin (DT) is a trending tcchnology. It
defined as a virtual representation that collaborates with the
physical object throughout its lifecycle and provides services
for the evaluation, optimization, prediction, etc. [1] The very
first concept of DT presented by M. Grieves [2] in 2014 was
composed of three main components — the physical and
virtual entitics, supported by the data. The main limitation of
such a concept highlighted in [3] is the virtual entity's
application generally for simulation purposes. More recent
works [4]| represent DT technology as a five-dimension
structure, with services and connections as separate entities.
Different test benches, as reduced models of the complex
system, may be introduced as an additional entity that may
noticeably improve DT development and implementation
process, as presented in [5]. Fig. 1 shows the 5-dimensional
DT model and the components' synergy as the main
component real physical entity provides the DT development
basis. The virtual entity represents the physical entity in
different approaches and is responsible for the obscrvation,
simulation, control, and optimization strategics of the DT
system. The data entity acts as an operator for the whole
system and develops the DT itself. The service entity will be
more detailed discussed in the paper. It represents a platform
with a set of services and responds to the demands of either
physical and virtual entities. The last entity that completes

The rescarch has been supported by the Estonian Rescarch Council
under grant PSG453 “Digital twin for propulsion drive of autonomous
electric vehicle™.
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the five-dimensional DT model is a connection that defines
the interaction between other entities. In addition to
regulations in the motor drive system [6], service entities
may include sub-services, such as path planning, energy
optimization, maintcnance, diagnostic, ctc.

The proper, reliable, accurate, and efficient fault
detection DT service units may be a valuable tool throughout
the electrical motor-drive life cycle. Literature review shows
that preventive maintenance programs reduce total electrical
motor rewinds from 85% to 20% of the entirc motor repairs
[7]. The rcasons bchind the failurcs in rotating clectrical
machines are a combination of one or more issues that have
their origin in design, manufacturing tolerance, assembly,
installation, working environment, nature of the load, and
maintenance schedule. AC machine stator inter-turn fault is
considered onc of four [8] most prevalent possible clectrical
motor failures, together with air gap cccentricity, broken
rotor bar/end-rings, and bearing failures. Usually, the inter-
turn short circuit starts with insulation failure, accompanied
by extremely high current flow due to the high voltage
potential differences between adjacent coils.

This paper presents the study on inter-turn short circuit
[ault detection in the induction machine's stator (IM), IM is a
popular choice in industrial drive applications. However,
IM's stator construction is the same as in the case of other

Service entity
Function;

Input;

Output;

Fault detection;
Quality;

State;
etc. M

Virtual entity

g
Real physical enti‘yc/@" b

Spatial model;
Physical model;
= Behavior model;
= Historical datasets;

L

Iterative optimization

f\__/?

Interaction and Mapping

Fie. 1. Five-dimensional Digital Twin model of AC motor.



AC machines, and fault detection algorithms using specified
DT service units may be used for different types of AC
electrical machines.

The paper presents the DT service unit application for
AC motor stator inter-turn short circuit fault detection and is
structured as follows. The nature of the AC electrical motor
stator fault is discussed in Section II. The definition of fault
imitating measurements for DT development is presented in
Section III. The behavior of Linux Robot Operation System
(ROS) node according to real-time measurements of a real
physical entity (AC clectrical motor) and specific behavior
model, dedicated to detect unbalanced stator currents and
notify about possible fault appearance and propagation, is
presented in Section IV,

II.  FAULT DIAGNOSTICS AND DETECTION

Unlike preventive and reactive maintenance, predictive
maintenance is gaining heightened popularity |7]. The fault
detection of clectrical machines at the incipient stage for
predictive maintenance is essential for a safe and reliable
industrial operation. This is also vital for machine life
estimation as the faults are degenerative. Any machine under
ideal conditions should be perfectly symmetrical for all of its
phases. But practically, the asymmetry is investable. The
main contributors to thosc asymmectrics arc the clectrical and
mechanical faults. Nearly all faults can be divided into two
classes: electrical and mechanical. The most common of
them are rotor faults [9], such as bad bearings, broken bars,
eccentricity, and winding short circuits. These fault’s leading
causes may include thermal degradation, hazardous
industrial cnvironment, bad foundation, and magnctic strcss
and vibrations. The winding insulation degradation is slow
but a continuous process that can lead to a catastrophic
situation. This can lead to the faults such as inter-turn short
circuit, phase to phase short circuit, or phase to ground short
circuit. Moreover, the increased asymmetry among phase
impedances can incrcasc the speed and torque ripples, which
can causc other mechanical faults. Almost all faults modulate
the supply current with a specific bandwidth of frequencies.
Being present in the current, they influence the other
parameters such as speed, torque, flux, and voltage, etc.

The detection of those frequency components at the early
stage of the fault can avoid significant damage. [10] In
induction machines, all fault dependent harmonics are the
function of slip. This divides the signal under observation
into two categories: the transient and the steady-state. In a
stcady-statc regime, the signal is stationary, and the standard
signal processing techniques can be used for fault detection.
Among several signal processing techniques, the discrete-
time Fourier transform (DTFT) is being used successfully.
This is because it can be used on a piece of equipment with
low computation power and can give a good insight into the
harmonics. Since the fault-based harmonics are dependent on
the slip, DTFT fails to provide any mcaningful information
under no and low load conditions. Another problem of DTFT
is the spectral leakage, which can hide all small-amplitude
faulty harmonics. In the transient regime, the signal is non-
stationary due to varying slip. Hence the time-frequency
analysis becomes cssential. [t may lead to a specific
frequency pattern as, during the transient period, the slip
changes its value from one to nominal. The signal analysis in
the transient interval reduces the problems related to the load
dependency of faulty [requency components. The most
common time-frequency techniques include short-time
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Fourier transform (STFT), wavelet transform (WT), and
multiple signal classification (MUSIC), etc.

The electrical motors should have minimal speed and
torque ripples. In induction machines, the most prominent
causes of those ripples are because of the current harmonics.
The primary sources of currents harmonics in induction
machines are the supply-based, inherit eccentricity, bad
bearings, bad foundation, and the presence of any fault.
Moreover, the thermal, skinning, and proximity effect also
reduces the symmetry of winding electrical parameters such
as resistance. The non-symmetrical three-phase impedances
produce negative sequence currents in the motor, increasing
the speed and torque ripples. These ripples can become a
causc for more mechanical faults due to the increase in the
vibration. The problem becomes worst with the degrading
winding insulation resulting in short circuit failures. Various
techniques can be used to detect the short circuit early, such
as Park and Clark’s vector, extended Park’s vector, Park’s
vector modulus, symmetrical components, pattern
recognition-based advanced techniques, etc.

I1l.  EXPERIMENTAL RESULTS

Finding faults in the early stages of the machine work is
advantageous when planning and maintaining the machine.
Confirmation of a DT fault can be carricd out by verifying
the mathematical model in which the real physical model's
accurate data is continually being sent. A massive amount of
data is needed to properly train the mathematical model, so
the fault detection's final result will be more accurate.

An imbalance occurs in the stator windings with an inter-
turn short circuit, where the resistance decrcases in the
winding with a turn-to-turn short circuit. For experiments
with a smooth decrease in the first phase of the winding
resistance, an adjustable resistor was used, connected in
parallel to the winding's first phase. By adjusting the parallel-
connected resistor, the total resistance of the first phase
winding changes and, at the same time decreasing current
passing by winding by directing some of the phase current o
the resistor. Suppose the resistance of the regulated resistor is
equal to the winding resistance of the first phase. In that case,
the current passing through the first phase will be divided
exactly in half, which gives 50% of the fault, or in other
words, an inter-turn short circuit between hall of the
winding. The illustrative figure is shown in Fig. 2.

R50%
R90%(R100%

Wi
Vi

Fig. 2. Stator winding of induction machine with parallel connected
regulaled power resistor.



LA A

Fig. 3. Example of laboratory simulation and fault data acquisition.

There are several advantages to connecting a resistor in
parallcl. The first is the possibility of tcsting the motor
without harming it and without changing the winding sidc of
the stator. The second is the ability to measure an error of
one percent where the change in current will be minimal, but
at the same time, it is essential for the rapid response of the
fault detection system. And the third is the ability to adjust
the fault percent over a very large interval. This resistance
interval depends only on the number of resistors in parallel,
where it is possible to achieve any winding resistance.

The test bench contained two 7,5 kW induction motors,
where onc was uscd as a driving motor and the other as the
loading motor. For data acquisition, current clamps, and
DEWETRON data acquisition systems (DAS) were used.
Both induction motors were connected to the star connection.
The driving motor was connected directly to the grid to
climinate harmonics that can be carried out by a frequency
converter. First, the tests were carried out with an intact and
faulty motor where the results could be compared. The points
of reference for us were faults of 1%, 2%, and 5%; for each
[ault point, there were [our stages ol load: no load, 25%,
50%, and 75%. Lastly, two different scenarios were carried
out where the neutral point was connected and disconnected
from the motor.

Comparing the graphs of the current of different
percentages of failure, then a dependence appears that the
greater the percentage of failure, the greater the currents'
asymmetry. Also, the more load on the motor, the less
harmonics in the current are visible, and there is less
curvaturc of the current. And lastly, a disconnccted ncutral
point not only increases the current asymmetry but also
affects the voltage shape and amplitude. In Fig. 3. examples
of DEWETRON DAS data with faulty currents and with a
disconnected neutral point arc shown.

Data collected during the experiment were transferred to
a ROS-based server, where the studied motor's DT is located.
The next section describes the structure of the DT service
and presents an example of data processing. To test different
file formats performance with ROS in the current sctup,
mcasurcment data from the real induction motor werc saved
into files with various extensions (*.mat, *.xIsx, *.csv, *.txt).
This data is further fetched into the ROS, transformed to
ROS messaged, and is advertised on the topics.

IV. DT SERVICE UNIT DESCRIPTION

The developed DT's virtual entity consists of models’ set,
spatial model, physical model, behavior model, rule model,
etc. In the spatial model, the studied electrical motor parts
arc constructed as a computer-aided geometric model to be
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assembled in ROS's virtual engine. In the physical model, the
performance of separate parts of the physical entity
simulated using numerical computing environments, like
MATLAB [11], FEMM [12], Agros2D [13], etc. The
behavior model is the main focus of the current rescarch
paper; it is responsible for transfer data from the real
physical entity, calculating motor parameters, and stream to
the ROS topics available for models. Rule model covering
constraints for road load can be simulated through behavior
analysis and data associations that can be observed using
virtual scnsors.

ROS acts as a physics engine for the current setup of the
DT. It simulates the real induction motor's behavior and
features and acts as a publisher of data to be used by virtual
models. ROS has a publisher/subscriber architecture, it
allows models from different environments to publish or
subscribe to the ROS topics and interact with them. The
communication between various platforms is handled using
ROS bridge — a node that converts ROS messages into
JavaScript Object Notation (JSON) or Message Queuing
Telemetry Transport (MQTT) formatted data. Subscription
or publishing to ROS bridge's port allows direct
communication with ROS nodes themselves. Due to the
JSON standard format, any model in a virtual environment
can be programmed to receive or publish messages to ROS
topics.

Input signal tracking is performed through the following
process: when measurement data from the motor windings
come as an input current to ROS, it is being compared
against the expected data, and if the received measurement
on any of the winding exceeds the margins determined by the
admitted error, a fault notification is filed. The measured data
is being summed up and compared for a specific amount of
time that is necessary (o calculate an optimal error, therefore
allowing the system to accurately tell if there is a fault in the
windings of the motor. After the specific time clapses, the
sum value and error are refreshed.

The fault detection algorithm realized for DT is shown in
Fig. 4. ROS gets connected to the real motor (for this article,
recorded data of the motor was used to simulate the real
input from the motor). The current data received from motors
is being processed, converted to ROS messages, and is
published in the ROS environment, as shown in Fig. 5.a. At
the same time, the node listening to the currents topic starts
receiving messages. The current values retrieved from these
messages are processed as follows: a motor phase is chosen
as the base phase. Relatively to this phase, we convert other
phase currents to imaginary units. These imaginary units can
be uscd to represent the percentage of load applicd on the
moltor. As a rule of thumb, these values should be very close
to one another, e.g., within the allowed margins (due to
noises and imperfections). If one of the imaginary units
exceeds the set margins, then a warning message is being
published by ROS (used to notify the model) and is output in
the terminal (shown in Fig. 5b). The published message can
be used as an indicator in the 3D model or real test bench of
a potential fault in the system.

V. DISCUSSION
Today’s technology development level allows cven
smartphones [ 14] or any portable recording device to be used
for condition monitoring. However, making a service dataset
available for condition monitoring and fault diagnosis DTs’
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