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This research aims to design, develop, and evaluate the performance of a
charging profile selection architecture for low-voltage Nickel Manganese Cobalt (NMQ)
lithium-ion  batteries by integrating communication and control mechanisms at the
execution layer. The proposed architecture enables accurate, deterministic, and
operator-independent charging profile selection through a fixed Constant Current-
Constant Voltage (Fixed CC-CV) charging system, thereby reducing human-induced
configuration errors and enhancing overall system reliability. In this study, the CANopen
protocol is employed to identify battery-specific parameters through the Controller Area
Network Identifier (CAN ID) for four low-voltage NMC battery configurations, namely 24V
5A, 48V 5A, 60V 5A, and 72V 15A. The identified battery information is transmitted via
MQTT to the Node-RED platform for parameter processing and predefined charging
profile selection. Subsequently, control commands are delivered through Modbus RTU
to the fixed CC-CV charging system, enabling battery-specific voltage and current
regulationThe alternating-current input data are recorded through Google Sheets for
energy consumption analysis and charging cost estimation, whereas direct-current
output data are stored-in-InfluxDB and visualizeéd-through Grafana for real-time data
monitoring.  Experimental system-level results demonstrate that the proposed
architecture can accurately select charging profiles, maintain stable control performance,
and provide efficient real-time monitoring under a unified platform, confirming its

applicability for multi-configuration low-voltage NMC battery charging systems.
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dV (t
o) _ - Vp(t) + Lee (2.5)
dt R,C, C,
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(K9
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nuANIY object index way sub-index a8 lunAsgIY dwa’tﬁmmsaLLaﬂLﬂﬁlausﬁauﬂa
seisgUnsninnednanldegnaiiusz@nsnin uona1nil CANopen £33045U Process data
object ey Service data object ﬁ?ﬁ%Uﬂﬂi%@ﬁ?iﬁzﬂLLUUL’Ja’lf\ﬁ\‘iLLﬁgLLUU Configuration T
ANFANF D TEUULURARI IR 23T s 3R am LA TuzLA s mUAA TS Tneslunns
au
2.4.3 CAN Identifier #m3un1sssymisilinosuunnes
Tuszuy CANopen @1 CAN Identifier Taildviminil il sy UszLanves
Fonrminiu uwidiaunsaldfmunfauresguninivardduauddyesioyanisly
\3etnelsonsie Tagnnsimun Identifier Waenndosiuriavaanunnoiviosiunsafiu
Y9953 UY 298I IEAIUANAIIN IS AMEN YAHIAWIZVOIUUALADT LYY AusIdufidn
AN Anseuagsgn uaziieulunisense degrsgnaesnouEunszuIunsauAL
wuIMadana iunumddysesruukusneInaefiide \enylsan
AmnuAanaIRIINMsILaAf U TR wasiinanuidedolunisidenlusiidnis
ilvaenadosiudofrunvosunnoIuiazsE U
2.4.4 m3Uszgndld CANopen luszuunummsIuazszULYSa
SUT 2.2 uansieganninenssunisdeansvesszuusauunned a9

Usznaumgunasdngliiln gunsaludadigs seuuuImsdamsuunmes wagyiieniuay
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d1unanafiLd aulean1uLAS 9U8nSE paSLaTAS au 8 M1a LN %Lﬁulﬁfiﬁayjaam
wuaweIaInsagnawusruUdeasiudmihemuandunans weldlunsiinsgianiue
YBILUALADST N1TAMUALIBULUNITYINU hazn1staanlushnanisyisalimuizauiu

ANGNYEYDIUUAADTUARY TTUY

CAN entity CANopen CANopen

protocol object

entity dictionary
% Transceiver NMT Communication
2 and CAN Heartbeat parameter &
% le—» Protocol < Server SDO Profiles and e
K controller (Client SDO) Process data application o
z TPDO program =
- RPDO Configuration

SYNC parameter

EMCY

TIME Diagnostic data

JUN 2.2 a01UngnIsuNITHoa1TLAZNIIAIVANTYDITLUULUALABTHIULATEYNY CAN UaY

Supervisory control

2.5 Sz‘U‘U?i‘e'JmiLLazm‘JmuqﬂuizﬁU Supervisory Layer

mWé’qmﬂmiixqmﬁﬁma%maﬂLLU@LmaémustUﬁamsszﬁu field layer Sﬁauuaﬁ
lesudndusiosgndssioludsszuuamunalusedu Supenvisory layer Llaldlunisuszuiana
nsindula warNIAIUANITITWEIN1TNNIUYRQUNTANIAUINLULLIAITTY LAgseu
Supervisory control HunumdAgsen1TyIaNIseLaIngunsainatesin nsUsEau
A159M971UENI9 Communication protocol 7iuanenafy LLazﬂﬁLﬁ‘ﬁauIm%’agaiwdw
Hardware layer U Data analytics layer @1 ussAusznaudAgvesszuumuauluge
Industrial Internet of Things

Tae Banks, 2014 1¢5n89mu71n15deanslusedu Supervisory layer AsiiAaaNTa
$9495 U Asynchronous communication, Lightweight protocol kag Publish-subscribe
architecture Lelanansnfudsdoyaszninsgunsaidraunnldognsiiuszansnm annnsy
YossEUULATTNY uaziiuAmaansalumsveneszuuluauian wwaAafana1nthlugnns
Uizqﬂﬁﬂi’f MQTT 211U Protocol translation wag Supervisory control platform lusguu

anamnssuadelvl aufessuuiniundnuias ssuuTISIUUAAeS
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2.5.1 MQTT dwiunmsiudedayasznitegunsal

MQTT 10y Communication protocol ﬁ'm"wwuuﬁyugmmaa Publish-
subscribe model Tnggunsalfumsazyimidifu Publisher dstoyaiing Message broker
vaugigunsnivanenisazyimiiniiiu Subscriber futeyanuiatedifivua vilianse
wenausEvingdauaziiutoyasoniniuegnadass anrududouvesszu uaziinany
gangulunisvenensedne

Tag Banks, 2014 1#5189791 MQTT gnoonuuuliild Packet overhead #n
i Latency 91 waganunsasesunisivdsdeyauuy Near real-time lsogafiussansnm 3

Tasunsihunldegraunsranaluszuu Industrial loT wag Distributed monitoring
1598519 UgIUYeY MQTT communication a11nsaa5u1elafsaunisi (2.8)
Publisher — Broker — Subscriber (2.8)

Tnedoyaazgninnguauiade (Topic) athelfanusadanisdeyaningunsalnaneysvian
melussuuiieniuleegeiiszaniam
2.5.2  Modbus RTU d1%35UN15AUANNITINADINITVIS

Aend19ntayagnuszuianaluseau Supervisory layer 31T ud ol
Protocol dmiudardsmununduludsgunsalaaauns Tas Modbus RTU 1u protocol 1
Iisumsldsuedraunsvansluszuvgaamnssu esnnilassadaiouie amnindeie
49 uavanunsavinanusinivgunsalnluauvaIeUsEanEIL Serial communication

ne Banks, 2014 19578947431 Modbus RTU 1% Master-slave communication
architecture &4 Master azvivtinfi Saswod oy ans odeindaniuauluds Slave device Hiu
Register-based communication vilianusadmuad 1 fiwesvesgunsalnirauulaedi
wiuduasianudeiloadsimun

lasasatoyaves Modbus RTU anunsaesungladaannisi (2.9)
Frame = {Address,Function,Data, CRC} (2.9)

AuANURAINE1IVIIA Modbus RTU mangaudoan1snIvmuna1nIsinasuesssuuysai

ABINTANUBUUT LA ANUFDLLDILUNTNDUAUDY
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2.5.3 Node-RED &1%3U Supervisory Control

Node-RED (Juunannasuwuy Flow-based programming ﬁgﬂﬁwuﬂﬁuLﬁa
seafunsUszatanatoya n1shUas protocol wagn1sysaINIsteyadngunsaivainviane
gianeluszuuiiontu T O’Leary, 2013 16518971171 Node-RED @1u1sawd susafy
MQTT, Modbus, REST API uazgudeyananausznmldedisbangu nieuisasiunsads
Logic control wag Event-driven processing laglaigndufasiniun Software Tusgau Low-
level

nAUENTRANE1IIA Node-RED lasunisusseyndldegraunsnanglu
J¥UU Supervisory control \fesnanuisavimnin iy Middleware 521374 Field device,
Communication protocol wag Data analytics platform l@egnefiuszangnm Jeflunuim
dfysensienlsteyaanuummeslugmsmmunieulauaznisidenlusindnisnsaly
FTUUNAENNA

254 ﬂ’lslluimﬂmﬁzuuéamﬂuisﬁu Supervisory Layer

N5Y584I1N15 MQTT, Modbus RTU Wag Supervisory platform agluszuuy
ey ilianunsaadialaseasnanisdeaisuuu Bidirectional communication léagnad
UsgdnSa1n na1afe Teyadin Field layer a1un3agndsidg Supervisory layer Ll
Uszanana 1asgid uarsindula vaiieriunadnsainmsssitanaainsagnaenauluds
gunsalmaausilefmuadnesnsihauldiuunaaie

WU INE 1 AN A Rye Y198 I BTH UULUALAES NATETERULTIRY 39
Fududesendedayaanizvosuunmediiioldlunisidenlusiidnisusaliiianugndes

anAHRANAIAAINNIAMILAAIMERUS URNY LaziinanudLdetievassyuuluszesen

2.6 midaiunazianutayauuusealn

Tuszuudaununmas asfelval nisdaiivuaz@nanudeyanvuissalmidody
29AUTENOUAIAYADNITIATIERANTIOULVDITEUU N15UTEHUUTEANS NS Tdnaseu
LAENNIATIVERULATIININYBINTEUIUNTINSY (sandeyasnuussiu nszua Mdsliin
gunndl uazanuzTesLUAMEIEN TR asedwaidasmaentisiatnIYiniey Ky
szuvdnifvdeyaiadidudiossesiudeyauuy Time-series Fsannsatiufindoyansouan
1484 (Timestamp) uazsosfunsuszananateyauvuseiedldogrefiuszansam oy
Toshniwal, 2014 lf518a1uingruteyauuy Time-series gnesnuuuNLiasesiuteyadis

nsdsuudatnuiailagianiy waziivsednsamadunisdanudeyadiuiuuin nns
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Query ToyamuTIA1 WazN1TIATIEATENALU Streaming analytics lalTeuiiisuiy
Relational database kUUS $Lfisl AMANUAAINA 191 S¥UY time-series database g
nldegraunsrangluseuu monitoring, Industrial 0T kAETEUUAIUANKUULIANAT
TuszuumiauunmeIvareseduussiy msranudeyauvudsalmililddunum
Wiesnsuansdmsimesmsluiiindy wigudeidestunsieseinginssuves
LUALABITEMININTEUIUATIS LY CC-CV 19U msiAsundasesuswiulutianszuanad
nsanaveInszualuTILTIAUAT wazamdNTiuSsEninaindslifinduBuwnuaziodnm
Ya35¥UU uenani deyafigniaiivediwiaiiosdanusatanldlunisussdiuszansam
Y0952UU Tiasgsiuuiliuresngfnssuuuaiaes LazATIRdeUALAnUNRT 0191 ATY
sgwiunsruaunsn$aldegnaisyansam daifu ssuudnifuloyauassruufinnunauuy
BualniFdiunumddsenisfiuanuindedowazanusailedunisieuresssuuyide
wunime3asielyl
2.6.1 ﬂ’lﬁfﬂLﬁU‘ﬂ'agaLwU Time-Series Database

s1ufeyauuy Time-series gnesnuuuNiiasessudoyaiiudsuuvasmy
a7 i Aussy nsvua Adalaiih gamgll uasndnuliih Fuintuesseidedussuy
y3auunine’ InedeyaurazynazgadniAusindy Timestamp Wilkanansafnauay
wansal Jns1eingAnssuvessrueunds uazUssiuuunltunsiasuulamesdeyaly
WAaYIL IR lane1auiug

lag Nagvi, 2017 las1ea1uingrudeyanwuy Time-series ddalaiousu
Throughput wag Latency ﬁ’ﬁ/i%JUﬁ’mﬁéf@ﬁm%U%’eiﬂaLLUU Streaming data taz Real-time
monitoring Lﬁaamﬂmmm%’mLﬁuﬁagaﬁﬁuaumﬂlﬁaéwmLﬁ'aa w¥ausia3893uUn1s Query
ToyanuIIa LAz IANMdERRkUULANSReg iU TEENS A AnauTRdena1Ivh
Tigudoyavszsianiungaurossuursoumned dsiesinisdnfiudoyaangunsal
nrviauazszuumunNalwsaidaimaennszUIUN 1IN
Foyafigndniivluszuu Time-series ansnasureldlusunuunnmesidaiafsaunisi

2.10)

—~

Data(t) = {V(t),1(t),P(t), T(t),SOC(t)} (2.10)

v [ 1

PayaninartanunsninunldlunsiaseinginsuveumneI senIeYae CC wag CV

= v a a s 1 U [ 14 1 a a Aa
sunslguszliumulanosvesssuUIIaluLsarsEAuLSInUlaag1diusE@NS AN
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2.6.2 nsuanInadayaniy Dashboard wuusealnd

N14anIHaTaYaH1Y Dashboard visualization dunuimdfeysanisinniy
anurvesTEUUSauUame3 (esantagliannsansinaeuteyanislniuazanuzves
szuuldognsreidiodlusuuuuiidlaldine felusuuuunsil anundsinias wasuualiy
Yo3vayanIuYINIaT Ing Wilkinson, 2005 lasieauinnisuansuateyaluguiuu Graphical
visualization reiiinUszansamlunsiinnesideyaianal anmnududeuvesdeya
$ruawnn uazdgliansansanuaufiaunfvesssuuldsiniiBay

Tuszuuvfauunned JeyadidouuanawauvuiFoalnl ldun Auseiy
nszua Adalwdih wdanuazan gamnll wazanuzveINTEUILNNIINSD Fedeyadsnanndl
msiasuundasetsdeiilomunginssuveanusneilunsaziisvesnisysauuy CC-CV
#a1fu Dashboard visualization 3¢lilfiesvinminiiuansdeyaiviniy uidseliaiunsa
AnneiunliivemafnssuuunineiuazyseiiuanssnuzveeszuUlFiunaass

anwazn1sAsuulamelayakuuaRse@Nsaesueldfaunisy (2.11)
X(t) = x,+ Ax(t) (2.11)

aunisanalddmivesurengfinssuvestoyad iud sundasuuuieid sdlussuy
Monitoring k8¢ Supervisory control
2.6.3 N1TAANUTRNARIUBUNAVRITZUUYITT
ToYaR 1UTUNAVDITEUUYITAUTENOUA A ILTIA U 1N Laaay
nszualnii mdaluiih wasnuazay wazduszneuiids fedeyadananiaudifysents
Ussidludsgavsnmuesszuuiamsinngindanuildlunssuiunisnda

Am&alylihdudumaaninsnesuieldfsannisi (2.12)
P, =V, PF (2.12)

taganinaausaunldlunisienesivseansamnisldndanuueseuuenia uda

Uszidlugunuanunasnuluidasdisiainisinu
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2.6.4 NTAAAUTIYARIULBIANAVBITZUULIST

TYAAIUBIANAYDITEUUYS VA EITINUNG AN TTUVDIUUALADT TENT

=

NIZUIUNITVITIMUU CC-CV Lnaanizanssny nszua madlni wazaniuslseq 398
AUEIALYFONITIATIZAAUTTOUS VDL UALA DI LA Ul UAN o TN INTD9TUUTS T ULARY

Frnamadbniiuednnaansaesuiglanaunisn (2.13)
.=V, I, (2.13)

g9 CC AMNTEUaazdaInId Yl NkI M UALNLTUNUA UL VDIUUALADT
dluyie Qv AussiuargnatualliinmwagAnsLaazanaseg1dailodnudngteuly
AugaAni3¥$e neAnssuRenaansatunlglun1sieseiusednsainvenseuiumg

y5anazldusznaunisidaniuslidanisunsaliusauf UL UALA DI LAAE SEAUKIINY

° £ ¥ ¢ a YR
2.7 MSATUIUNAIULAZAUNIUNITYIUUALRNDST NMC LSIAUAN
Tusguunsawunmesaieulsasu nsussliundsnulniuassunuiundude
Jussrusznaudfnmen1siiaseianssausuasUssansnmeesseuy 1oa1nnseuiung
¢ ¥ o | o 1Y v '
Y3angItaatunMsaglounasunszuuliinssuaaduidng ssuuliinseuansanu
29956 UAINE TIAINAILNA W5I9U waznTEha 2T N151UAsULUAIRE 4R BLT 9IA1Y
a = | | s P~ & v O a o v
WOANTTUVRLUALADT LULABTY19UBINTVITALUUANG CC-CV Aatiu n1siamudoyasiu

3

wasuddianudAgydenisuszliuUsEasa nvesruy Aenenguuuumsidndennu uaz
Usedudumuiundsnuiifniuluutazsounsnsa

uanand luszuuliihadelng msaedrlrifingdnldsasarlifiuuy Time of Use
(TOU) Farvuadasenliliuansnadunutasiainsldan dmalifunuvenszuiums
yfalilldTuogiuuTmundsmuiiesognien uidtuagivtaaafiianislindanudn
dae fedu Mdemgienuduiugserinadusindnsde nginssumslinginu wasdne
Al Sedlunumdrdnsenisussidiufunuvessruumianunnes NMC ussius

271 Tassa$redasanlnduuy TOU Ussandl 1

Sasalwiiuuu Time of Use vide TOU Wiulassaddnmeluliidifivun

sandanuliiiuandstunagisnainislday Wenszaenselvanvesssuulniiuay
annsldndsnuludisifimnudesnsldlndigs Taesasalaihazgnuvseenidugis on-

Peak wag Off-Peak FaflonsialuduansneiumIutIaaIvesiy
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JUM 2.3 uansitegednsAnliiuuy TOU Useiand 1 ({nes 1.3) &9
MuuagasrA iidmuglelniuseium lngluyas On-Peak axiidnsAnluirgeningie

Off-Peak tflpannidugisaaniinnudeanisldndsnuadussuulnil dalu iaaives

NITUIUNTVISILUALRD I NAL 8N TeAUNUNGINUNAATUl UL TOUNTY5A

Amadanulyiis o
- . ATUEN3
WAL (um/wae) -
(U mARDu)

13.1 12 - 24 filalad 5.1135 2.6037 312.24
1.3.2 i1 12 Alaliad 5.7982 26369 2062
On Peak  :13a1 09.00-22.00u. Judumi - JuAnd
Off Peak :13a1 22.00-09.00 w.  Judumi - Jurnd

SaT 0000 - 2400 W FWETT - TUDRRE TULTHTULKITE

ar - i a e w
Fumgrsrwnsnuund (Wiseiuiivunauas Jungruae)

gﬂﬁ 2.3 s llsiwuy Time of Use (TOU) Usennit 1.3

2.7.2  MsAuIuMa i s uBuNAvaITEUUYIS
dsliindudunpvesszuussadudiiiuansUsinamdanulwifignis
mmzwl%lﬂmizuaaé’m%ﬁgjLﬂ%lawﬁaﬂul,wiazﬁdw,am Ferdanaanunsamuiadlaann
aunsit (2.12) Tuiade 2.6.3 TngArdsliiaziufeuulasmiamginssuvesssuuriuas
A0UzRILUALADS TnsanizluranUasuniusenine CC uas OV dsdenalnunsnauSuna
WANUAALUAL AU UM UNAIUVBITEUY
2.7.3  mseuundsulniazau

WUl 7 19 lunssuauni1sei s adurs as uala 1 nNa s NV
Aaaliiinuglan Imﬂuszwﬁﬁmsammm%gaLL‘U‘UL’Jaw%q naaulnirasauanuige
Amualaanaun1sifeduiinsanasulniravauaunsamulnlaanaunisiidunnga

wladaaunsi (2.14)

E=jn P(t)dt (2.14)

)
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Y]

luszuuRdaniinsiiudeyailugraiarliseidies nasnulwihawisasuialugluuy

Discrete wazn1sANUIMUSLANSAWNLAGIALNISA (2.15)

_ P
E=) PAt usz n= PLCXIOO (2.15)

i=1 AC

aun1ssenandgnidedannsuateluseuu Energy monitoring WagTEUUIATIANG I TULUY
Ra1934 WesnausamuangInuIInteyanlisuangunsalinTiainldegeaiios
2.7.4  MIAMUIUAUNUNENIULUY TOU

YUY NUNIUSUIUNA I UT b e e

Y

AUNUNTNIUYBITEUVYITIRUALAD
¥394981111N159159 LHeandnsialiinuy TOU Mnundnsaluiuansneiusening
433 On-Peak waz Off-Peak A3t N1 wInAuyundsudtludasinnsanndsulnily

LABEYIIALENIINAUAUNUNGINUEUISaeSUIElARIENNTS (2.16)
Cost=(E_,xRate ) + (E_,*<Rate ;) + ServiceCharge (2.16)

aun1saanatisliaunsaUssliuguuvenseuIunsTluwsazalneg 19ty
uavannsalifinseinansguvesisananiafiilresunundsnuvesszuuld
2.7.5  anudunusszndelusindanisysanudunundeanu
unsguIMImSauUUiing CC-CV azgneenuuuLiiefnunaunaTEning
UsgAvBamuazanaaeaduvesuuniael uanginssuvedusindnisufedidmalnonse
AOFULUUMS LN IULAEAUNUATUNGNIUYDITFUUBNME InBlan1gsveeiiaIraerde CC
uaz CV aiinaseuSinamdsnuiilfazdisnadiinnsldndsaugegn
TusEUULUALMDINATEAULTIAL ANULANATITBIAINTZLATITY AT
LUAABS WarIEBzIANIYISe Al ranuuensldndsnuunndeiulusag sy fad
n153As1griANdNRus senInlusiidnismsauasaunundauidanudAyaanis
Usziluanssnuzyesszuy wazannsalivsneunsinnsanidendoulunisuiafimangas

nalumuUssansnmndsnunazaununisidnu



24
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2.8  9UIWNNEIVY

nzjmwﬂﬁﬂmiﬂﬂi‘mwmﬁa% (Charging Methods)

UNAMUA 1: Lithium-ion battery fast charging: A review
DOI: https://doi.org/10.1016/j.etran.2019.100011
Wanuna:

UnAULAnYIlag Anna Tomaszewska LagAMy 21NAI1TUITIATUNSNIUTEAU
WIUYIA LY Imperial College London #agun13ng1de Tsinghua lasilingussasaiiie
= [ [ Y s Aa a < .
Anwllgynnaztadndnuesnismiaunnesadeulooouluusniia (Fast charging) Tusu
gudliiln JI78laviNITIUTINLaEIAsIeRnuITeiineItesT uIueIn iewTeuiiisy
watan1sysalugukuusg 9

lugdgnis d3deldAnwinansenureIn1sviansgnsInseiaas (High Crate) fo
NOANTTLTOIUALMDS tneiasandadudidny wu nsazanvesdidauuudluda (Lithium
plating) MILNTUYDIQUNYI kAXNSEBNANINVBUTAALUALADT UBNIINUGITNITTIUN
A8nsy1sasenidunateguuuu laun CC-CV, Multistage charging, Pulse charging kg
Model-based charging WiaunailAs1ERveRLaz oI nUDILAAEID

HANISANYINUIY WITNTST1SAMVUTINGIATE N T0aNTTEzIa luNSs 9 lAeg 198l
v o W | | v a A < a’!{ . . .
HodAey unazdwmaliilunmedidonaniniiWu lasanizaintgu Lithium plating uaz
ANNTRUAYAY YuENTID CC-CV Senaluidiugunldlugaaimnssy Weoswniimnuissudty
wazfimnuvasnnglusyaunds ualdanunsanovaussronisvisanuusinsilasgrununyes
Je1udpslinaiaussuumUANTIEINTAUSUN RN ES R INEN 123N URLASS

d. ¥ [ a o :g
AMANYITDINUIUIVBLU:

UNANUL AU VAL UWUIAAN UFIUA 8IA VLDV IN1515aMUY CC-CV Fagn
Yrnldluniudded Wnoenzlulssinunnuliangursannnznisldnusse nuidedis
WawragealagaantuussuuEenlusindan1591359611 CANopen UagmIuRLAINTEwaLas
wsenuluszAU execution layer W1 Modbus RTU WUULTA1%UA (deterministic) LW ol

anunsMUANNIITAlALIN AT AL VAN TNV BILUALABTUINEITY

unAadi 2: A Review of Equivalent Circuit Model Based Online State of Power
Estimation for Lithium-lon Batteries in Electric Vehicles
DOI: https://doi.org/10.3390/vehiclesd010001

WBUIUNAIY:
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[y o

unANTIninlag Guo, R. kazAny FuduinIdem ussUULUALADS WATEIUEUR

'
& A

Il TnediingUszasAiefnuinimsiuveuvaliansuiauunneidibeulossu siufienis

a v o

TATITER 191n wazmumNIzaNTaazIslunsUsTendlduiue e udlnih
Tudeidnms fdeliihnmsnunutesiinmsimadeifodemngudeyaivins
iethunisuiisumadianmsvifandn leun
1) MIPFIUUNTELARITI-UTIfuAs (CC-CV)
2) mMsvsanuunanedy (Multi-stage charging)

3) MISFAUUNEE (Pulse charging)

n

) NISITAUVVUSUG (Adaptive charging)

WelpdaszinginssuvesiunwmeinelaReulunisusaniunnd1aiy Taafaisan

el

De

Uadedfny 1y usedu nszua gaumnll waganuUsyq (SOC) Tufianansenuseangnsly

NUVBUAWBT (Cycle life) uazaruasniy wanantidalinisiUeuiieudseaninines
uwiazmadaluiunailunisuiauaenisaidenasu
a v 1 aa s ‘:4' [y a [ @ ad

HANITITENUIN TTNITVITIMUVUNTERAAIN-H3I9UAIN (CC-CV) SenaduiBunsgu
Ngnldetnunivate eemndlassaingleuie danuates waganusalldanulias
lusgiugnamnssy vaueisn13v153Tuad 19U adaptive charging aunsaliuyUseanzam
LAZANUMLZANYBINIVITALANINTY waTiAuduteuvassrUUAIUANEY WanaNTlE
wuIrtaduaugangdinazaniuglszy (SOC) dnastddediAnyrauszd@nsain Ay
Uannse uaro1gnsldiueesiunnes Madunsiaenisnisysaiimunsausiiudes
farsanTiuivanmmsldnuiswewunineiielilinadnsnangn

a v o/ a v tg
AMUAYITRINUINUTIBU:
= A 1% Y aw Y 1% 4 ¥ a s

unaniliianuifgidedasnseiuaiidevesndglusunisifenldinaiianisysa
wumme3 taeaniznisldis cC-ov daduiugiuvesszuui waun od1slsiniu a1nua
nsfnyIMUIngs CC-CV Tdednintusnuanudavguuaylianansausudmuaninwunnes
wuusealnille

v o Ay S o { £ a « = s S_. 5 '

Aty ATelsTudesanlaglduulfa “ n1siaenlusinanisvisa” Hiunis
#o@15 CANopen warAIUANAINTELaLazLSIRulUTEAU Execution layer 1 Modbus RTU
WUULTIEN5AIS FetaeliszuuaunsaniuangAnssunIseIsalaegnaiugn w@ies uas

A9AARDINUANINANT MIIIUITIUNTVU
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miﬂizqﬂﬁﬂ,‘l’f CANopen Tusguu Battery Management System (BMS)

UNAUN 3: Development of an EV Battery Management Display with CANopen
Communication DOI: https://doi.org/10.3390/wevj16070375
Waniunau:
dyu o a o s d' v

unAUHIRilay Yanpreechaset, C. {70 UseasAlilowmuILaz0aNuUTEUY
LARINATOYAVRITFUUUITMTINNITULUALADS (Battery Management System: BMS) d13u
grugud Wi lneldnisdearsiiulusinaea CANopen el unsafnnNanI Uz U

Qll a 1% 1 a a a a aa Ya v 4 QA' U
wusmaIhuusEalnyllaeg1aiiusednsain ludaignis gidelaeenuuussuuniaiunsasu
TBUAN BMS LU ALTIRU NTTUE UATANIUTVBILUALADS HIULATEYIY CANopen uazi
Tayaninaliussinanaiiionaninauudumesivelldau (Display system) Ineitiunis
sonuuulvianunsaldanuladieiazsasiunmsuansrateyawuuiiealngd wenainfidelnig
WAL lASIAS 1958 VLT @1315013 aule 958 nIN9T3UUE oasuaYSEUULEnIHala 08 19T
Usgdniam {3deldinnsmaaeussuuinannduluanimiindeunisldnuase Ineuseidiu
ANYNADIVBITDYE AIUNUIVBITLUY kazAUaEnsalunsuansratayakuuisealng
wislrtiulannssvvanunsadluldausiuiveusudlniilaass

a v U d‘ o d’{ U 14 1

HANTITENUI SLUUNITRUNTUAMNNTO T ULAZUARINATDYAR1N BMS 611 CANopen
lpagregnivsuazsaiiies Insllaumisiuazanusonaninadoyauuuisealndlaogiad
UsgdAnSnan dniedarasiuauazaInlunisinnIuanIuslunines kasdsuuss
Usgaun1salnsldeuvesssuueueualng

a v o av &

AMNYTDINUIUIVBLU:

unAnuiiinnuneItedaensaiviwidevesidelusunisldluslanea CANopen
Tussuverueudlilin lnsemznsiu-dideyaainuunnesuazszuu BMS ogdlsiniy

av A1 yao ' a o | I v ~ A v

MmAelllaimunssgennLuIAndinand lnalilald CANopen Liganensuaninadaya
wldidunalaudnlunis “fvuanazidenlusindnisensa” waziweulesludinisaivauly
U execution layer 61U Modbus RTU g %3elvszuuianuaiunsalun1saiunuiis

AuuA (Deterministic control) wazimNUwLUgIUINT 9T

UNANNT 4 Development of an Improved Communication Control System for ATV
Electric Vehicles Using MRS Developers Studio
DOI: https://doi.org/10.3390/wevj15070303

WBUIUNAIY:
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a v v a

unauidavinlag Donjaroennon, N. dadud3deifieiuiviuideaduil lned

[y

UszavIloonuuuLagiaLnszuuinetstunsdanisuunmeluguoudlni lng
gatfunsUszendldszuudeansinluslnaoa CAN 3o CANopen Liteieulaadoyasening
peAUszRBUANg 9 Melusyuy WU uuawe3 whenuay wazaunsaluania ludeisns
{itelsoonuuuaninenssuszuuiianansofudoyaanuunnes Wy A sy nszud uay
4071u2N15910U H1wA3e918 CAN Tagld CANopen uluslapeananlunisdnnisdeya
(object dictionary, CAN ID) LLazﬂ"mumgﬂLLUUmiﬁamiiwdnqﬂﬂim‘iuizuu Yonaniiss
fnsWandumesinedmiuianmateyauvuFoalnl ielifldnuannsofanuaniug
yosszULLUAIAeI At asaLiles

lunsruiunisiawn fIdelavihmmaaeussuuluaninwindeunistdanuass lag
Usziflumnugnesesdeyaisu-duwinuiaietis CANopen alaRiBsUedssUUADaNS Uas
ANENsatuMsLanINadayakuUSEalng SIuTanTIIdRUAIUMIIITRLTEUL (latency)
LAZAINADAAGDIVRITBLATENIWNAUNUAZUA 1NN
NANITIFYNUIN nuuﬁlﬁmuﬁummm%—ﬁﬁayjamu CANopen laggnegnaes

wardiANUEnes lnetauantedrinuaannanaiuANIngse kasausawanINawuULsya il

Y
¥

laegresaiiies uenanildenuinssuulinunuissisenedmsunisidaulugueudlni
agnlsfiony szuudemevhwiiludnvagves “nsdearsuazuaninadeya” [Wumdn uazds
LilafinsideyadinanluldlunisavaunsiauvesssuuluseauuUianis (execution
layer)
a v o av &
AMNYTDINUIUIVBLU:
NuideneuntiveswdeduiugiudAgvesnuideatul lnswmizludiung
Wawlaseasanisdealskiu CANopen warn139ANStoyaaNIzuULUAeS ogelsinu

1 Y v aY

mAFeneunidslitedndnlumunsihveyaluldiieaiuaunginssuvesssuuass Ay
a o o Ko o ! ! b4 o Y < « °
NAvatuiiviamsesanannduneunin tauil CANopen anlddunalnlunis “Amun
wazidonluslnanisvisa” wast¥eulealudanisaiunulusedu execution layer WU
Modbus RTU Taglduuimienisaiuaudeansauws (hardware-enforced control) @agqelu
anunsuANAINIZLaLawsIiuldagwiugn 1Wudaimun (deterministic) uagiiuneay

AUNSITURZININD U

nguf 3: N1588813 Modbus RTU dusunisaiuaugunsalszauilad

unaad 4: Design and Implementation of an Error Detection and Correction Method

Compatible with MODBUS-RTU by Means of Systematic Codes
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DOI: https://doi.org/10.1016/j.measurement.2016.05.055
Lﬁ@%qUﬂﬂ?ﬂﬂJ:

¥

unAuiInyinlag Claudio Urrea laesl ingUsvasaiiewauiwazysuuiainy

[y

Wwietievesnisdearslulusinaea Modbus RTU egnldethauwnsnangluszuunivausesiu

va v

Aaawy (Field level) lngannglussuugnludfvaglssuanamnssy ludadym 433y

Y

o w

Fliu11 Modbus RTU wiiaziduluslaneaiiseudewaslisuauiionas wnddednd

v A

drAgyAe liimnuanunsalunisunluteianainvestaya (Error correction) lngldiiies CRC

o

Tunsasrafudefianarnwindy Weiamufionain feyatzgniisuasdesyinisddvl s
liAnAua g ILaranUszaNsnINUReTEUY
Twd3sms §3deldiauenisiiunaln Error detection wag Error correction Tagld

wAiA Reed-Solomon coding eTfﬂLﬂugﬂLLUUﬂJaﬂ Forward error correction (FEC) 1 luTu
5%UU Modbus RTU Tnedinssnwilaseasasedlusinaeaiuly wislfaiunsaldausiudu
gUnsalinsguld Tassadeiiiuntuusenaudae

1) sk parity bits asluisudoya

2) 13k repeater/error corrector device i siauaznensia

3)  M3M99981919909U0 (Time window) LﬁaLLmﬂGZ’J’aﬁ,qJJaﬁm%’Ummf’flm'faﬁmwmm

9 mseenuuuszuuuulilasreulnsaaes (W dsPIC) Weldnuasduseduainuws

Tumsvnaes §ideldasaaietnenisidears Modbus RTU S1aesiifidayanasuniugs
(Electromagnetic interference) vt amaaaulszans nmueeszuu Tasfuundnsininy
AANA1AY8370YAgeRaUTEIIU 60% VauNTUTRYA \florasan nwindenaslulsanu
PRAIMNTIY

namTIdenuin suuiiauntuannsonnatuuazudlodefianaavesdoyaldosiad
Uszansan Imsdwammiqzymmm%%aLLazammmaﬁLﬂuiumsﬁﬁmgaez}é’l dawalit
Uszavsnmwesnisaeanslueietne Modbus RTU Atueghafideddy uiluanmuandoud
Ndeyaynausuniuge ?Jﬂf'?ﬂé’qamﬁﬂ%'muiwﬁ’uqﬂmzﬁ Modbus RTU wisllélnglaidaauden
1ATIETNVOITEUY
auiigadesiuaddeil:

UwﬂaﬂuﬁﬁﬂaﬁmLﬁEJ’JGz’J’aaaEJ'Nﬁqﬁumu%’aﬁumQ’?ﬁ“fﬂuﬁmmﬂﬁz’f Modbus RTU

dmiuauauaUnsalluszau Execution layer Instamiglulssinu “anudndatiavesns

oy’ FudulifedAgsiornugniesveanisniuny
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[
=]

luew3deil Modbus RTU gnldlunismvunainsewatasisaduyesasodg1sanu

o '
Y

gunIalNAawIN fetl mnAaTaRANA1AlUNTEDENT FrAINALALATINENGANTIUYDITLUY
9153 unanuifEivayuiufninIsinaNNaRsatunInITukaski luternna Iy
PreliszuumuauEiawsianuiiug wwhes wavielioldungslu Jeaennassfiu

LWINNUDINUITUNIATUNTAIUANLUY Deterministic Tusedu Execution layer

UNANT 4: Proposed Modbus Extension Protocol and Real-Time Communication
Timing Requirements for Distributed Embedded Systems

DOI: https://doi.org/10.3390/technologies12100187

L‘iilEJW']UVIﬂ’J’]SJ:

o v '

unANUlInlagng uinITeA 1UTETUUA 0A150AAMNTTULAL TEUUR 977

'
& A

(Embedded systems) lagiiingUszasdiioimuinazUsuusalusinaoa Modbus RTU 19
A11305095UN SRS Balng (Real-time communication) waziingAnIsuldenivun
(Deterministic behavior) & sl udemnuadidyluszuuaiuguszduniaaunLaz sz Uy
gnaminssy Tudedgmn §33ulifudn Modbus RTU uwuusududidosialudm “nalu
N15MEUALDY” way “A1ulN LU ueuYeTaUNIT 0aTS (Acquisition cycle)” W e9an
Tnssa$1amsdeansuuy Client-server kagms Polling sivllsianunsnaiunuiianlietig
wiugluszuuiidednis real-time control Tul@sisns fAdeldauensimunluslnaoalysl
#3031 ModbusE (Modbus Extension) Fadunisveneanuaunsnres Modbus RTU Tag
HuurRnd Ay laun

1) N1SAIMUA acquisition cycle wuumIULIa (Periodic cycle)

2) sy timestamp aﬂusﬁagmﬁﬂﬁlﬁﬂ Time consistency

3) A190RNWUULATIASIN Message ImiLﬁaiﬁmmmmm%’azﬂamﬂwma register 161

6 mvsulgsnalanisdeanslsiidnuniz Deterministic 11niu
yenanidaiinsinsyiidanan (Timing analysis) U89 Modbus RTU tafu

1) NINUUALILIAINTEINNTN (U £3.5)

2) 1A59a519 Frame YU1Agagn 256 bytes

3)  AIVIN9IUIBI CRC dNUSURNTINTUTDRANAA

9  ANMUFUNUGTENINN Baud rate Au Cycle time

AR lAML TEUURULUY (Prototype system) wagyinnisnaaedluaiouieas lay

Wisuiisusening Modbus RTU wuusaiuiu Modbusk fisluduainisdeansuasani

adanevasloya
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NAN1TIS8WUT1 ModbusE anansnUiuUsmmnAnssuvesseuudeanslifinrunduids
fatun (Deterministic) 11nu Tneteldmsioaniatulugasanfidmuasgrsiaia an
mmuUsiuveanatlunisnevauss uagiiiuauaonndosuesteyaluszuuAIUANLUY
Soalnil uenanddmuissuuiiantuiivszansnngsiudefisutu Modbus RTU
Uiy Tnslemzluszuuiidesnmsniseuasisiuguasdeiilos
AuREItasiunuAdei:

unanuidanuAnidodasasetueuidevesideludiunisld Modbus RTU
dwsumiunuaunsalluseiu Execution layer Ingtamigludseiiu “n1smiunuidsiiviun
(Deterministic control)” dufuuuAevdnvessided

TuauAdet Modbus RTU grldlumsimvuadinszuauazussdiureadssrnialy
seRuesaund Madumuannsalunisauquinaiuagauaiianevosnisdoansded
AudAyeE1ads unarud SaatuayunAaiinsiaulasiaianisieans i dnve

Deterministic 388 AUAMULUUET AUEDYT WALAINUUIDDDVBITLUU TIdDAAABINY

v
v Aa 2/

WWINNvesNLIdeliiatunsaiunulusedu Execution layer

3

nguil 4: nsUszanananazuanmadoyadae Node-RED uas Grafana
UnAUT 7: loT-based Real-Time Monitoring of Agricultural Wastewater Using
Raspberry Pi, Node-RED, and Grafana
DOI: https://doi.org/10.11591/eei.v14i6.10170
lovunana:
unauildavilag Nurin Batrisyia Mohd Faizu TnefiingUszasdilewmuiuas
ponuUUITLUATIATARua L devsnsinunsuuuiEealny Tneldnalulad intemet of
Things (IoT) $ufuA3atile Node-RED wag Grafana wiefinUszansamlunisfnaiuuas
IATIEVToLA
TwdeiBms Hdeldeenuuussuuiivszneusmemaisd ldud
1) Raspberry Pi il dumineUssaiananan
2) Sensor Module dw¥uinAwia 1w gamgd th uagemsilwih (EC)
3 Node-RED ldiduirdosiiodmiuinns Flow vestoya Wy mssuteyanniwuires
NsUTEINARA Lavnisassiadeya
4 InfluxDB T lugiudeyauuu Time-series dmsudniutoya

5) Grafana lddwiunananatayaluguuuy dashboard wuuisealng
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Toyaanisuwesazgnaaing Node-RED tevinisuszanana 1wy n1snsestoya
N13wUaemuig kagn1s3ngULUY noulsgnUuiinasly InfluxDB wazilUianinanu
Grafana lngglduaiuisagayadeunauazinssiwuilduld lunismaaes §33els
nadeusruUUfeg1sinnateUsein Wy tda tunees wasidifasuudou iite
Uszilluanuusugvesseuukazanuanansalunisviuiuuisealngd

nanFIdenuin sruuiifaunduauisansniawszuanwadoyalduuuiSealgd
agaluszaAnsam lngdanuwiugvasainisiiluinuinndt 85% uwazaunsavireule
oghaadesluanmuandenats uenainigmuicnisld Node-RED Frsamaududouluns
WAL YUzl Grafana Haglvinsuannadeyadnudaiaunazivanzdmiunsinggi
ToyaTEery
AnuREatasiunuAdei:

unAnuidauisdedaeasstumaderesideludumslssaianauazuandaa
Joya lagianiznisld Node-RED way Grafana lunisdnnisteyauwuusealng

TuauAdeil Node-RED grldlumsdnnisteyaainssuumnsa iwu n1ssu-dedoya
LAZN15IANS Flow Yosdaya il Grafana gnldlunisuansuarinszua usaiy uay
waAnssunisvsauvuiiealng dsasandestunuinidluunauidild Node-RED uag

Grafana $3ufuLieas193¥ U monitoring NilAuEavEuLAziUTEENSA NG

unaadi 8: Supervisory Control and Data Acquisition Approach in Node-RED:
Application and Discussions
DOI: https://doi.org/10.3390/i0t1010005
Lﬁ'e)‘i/i']UVIﬂ'J']&l:

unaildnvilag 1-V. Nastac Inedi fngUszasd il owauiasuszyndldszuy
SCADA (Supervisory Control and Data Acquisition) 1aa14 Node-RED waz Grafana W

Y v

iseslanantunsUszinanauaswanInatoya luliwuifn JIdelatauonismu SCADA
el o [
wuulnunidnwazidu
1) Low cost
2) Modular system
3) Web-based platform
4)  5935ULUIAA Industry 4.0 wag loT
TulB9I8n15 SEUUWAUITUUSENoUMRIAUTENOUTAN LALA

1) Node-RED ¥whiidu Middleware dwsu
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[V

JUVBYRN PLC / Sensors Uszmawa%’aga
903 flow Y0938 UY

2 InfluxDB T8 Jugudeyauuu time-series

3) Grafana lduannadayalugUihuu dashboard

6) Protocol 7il# Modbus TCP uag MQTT

szuvansadonsedy PLC wazgunsalaaauy ilefadoya 1wy Anszua usadu
wazaATUENISYTY 1N Node-RED agszananauarasdayalusgudeya wasuansma
WU Grafana luguuuyu SCADA dashboard

nansIdenyin ssuuiiiantuannsohauldediediussansnim lngannsadu-
dvloyaszninsaunsalliedasiniuazgndes dayaanunsouansualauuuisealnini
Grafana wagdiaumtaei1 uananigsnuiinisld Node-RED taelisruuiinnudangugs

'
v A Y o

aunsaUsulsazveneszuUla g Bnvadalifuyuaiieiieuiu SCADA WUUAYLAY

anuigadosiuauided:
unAnuidauisndesdnensafunuitevedifeluiunsyssnanauasianiug
Joya lnuan1znsld Node-RED lay Grafana ludnuigveeszuumIuANLAE Monitoring
TusmiAdeil Node-RED gnléifiu control layer dwiudanistoyaanseuuensa iy
n155uveya31n CANopen Wag Modbus RTU 53881411359aN15 flow ¥89¥ 0y 4 YUz
Grafana gnlflunisuannadInszia useiu uazwgAnssumsusauubealnl Jsaonades
funuamsluunauiild Node-RED \lu Middleware uag Grafana \lu Visualization

layer Tusguu SCADA

unALil 9: Security by Design for Industrial Control Systems from a Cyber—Physical
System Perspective: A Systematic Mapping Study
DOI: https://doi.org/10.3390/machines13070538

WBUIUNAIY:

unAuiInvilag Ahmed Elmarkez lnefiingussasAiiio@nyinannis Security-

by-Design @1m15uszuUAIUANEAAIMNTIY (Industrial Control Systems: ICS) lagld35n13

I 1

Systematic mapping study Litaliasziuulliuuazesinavesnuideniley lugelgym

A39858Y3 seuv ICS Tudaguuinisweusaduinalulad IT uazinsouneundu vinlviin

Paalyisuaulaendie ewinszuuddlilagneenuuuunlvsessuisanaumalaiues
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a

danalviszuulinnudeaienny security wag safety lui@aisn1s §adelavinnissiusiu

o

NUTETINIU 55 dTevan wazvhmsieseilulseiiudAny laun

) ABNITPINUUUITTUULUU Security-by-Design

—_

2) %"’umau’tu lifecycle U requirement, design, implementation

3) m'ﬁmi’]zﬁﬁaﬂﬂﬂ’m (threat analysis) W8 vulnerability

4)  N1ININUA security objectives LU confidentiality, integrity, availability (CIA)

5)  ASNRANTIANUEUNUGTENIN security (U safety way performance
yennigaimsineAdannenssuvessyuy CPS Fauisonnidu

1) Physical layer (sensor / actuator)

2) Cyber layer (processing / communication)

3) Control layer
waztiuanulanafedioagnoonuu “Ruusidussuy” allddiunends

NANTFITENUTT WM Security-by-Design Trnudidnyagisdslunsiamnssuy

AIUANDAFINNTTY Tngannsativananudssandesiniuasifinnnuvasnsevesszuuls
98195 R mu’j'«ﬁ’adaﬂmjé’ﬂLﬁumwwzs{'?umaumsaamwu (design phase) kazd1v1a
nsysannIsANUlaensielunnyiaves lifecycle saufadaddymlunisdnnisaaudaues

I security, safety uay performance F3dndudosdn1sWauILUINIAATOUAGULIN

£
=

897U
a ¥ o auv &
AMUNYIVRINUINUID B

unauildanunglideslagnseiuauideves3eluniu n150eniuUTEUURUY

Safety-by-Design wag Deterministic Control Tngngluysyiunisiiansanainulasnsie

ALATEAUANIUNENTTUVDITEUU

ya o

Tusidei §3duldoanuuussuuyld CANopen wag Modbus RTU Tusgau

Y
a

Execution layer lnagsdulvissuudngfinssuidsnimun (Deterministic) wazdaulasnsiy
TUNITATUANAINTERALALILIIAY TIA0AAR0INULLIAALUUNAUTTIUUNITYINING
Security Wag Safety AULATURDUNITOBNUUUITZUU LIWOLNNAMNULT D DUAZANAITULE LY

99955 UUI LU

UnAIu# 10: Recent Developments and Challenges on Beam Steering Characteristics
of Reconfigurable Transmitarray Antennas

DOI: https://doi.org/10.3390/electronics11040587
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WanunAw:
unAnuidavilag Al, Q. wazamz Faduinidesuimnssudoaisuazinalulad
e lnedinguszasdiiioAnyinisiauiiaganunimevesnalulad Transmitarray

Antennas wuuUsullasuls (Reconfigurable Transmitarray Antennas) lngianizlun1u

=

Beam Steering uluwmadinddgylunismuauiianiwesdayaie

a v

Tw3935n15 3deldvimsnumunaziinsizimaidaciag q Al8lunsaivgy
AANIVOIAF YU LYY N1TUTUNAVDI0IAUTZNBULEIINIA N5 LELATIAS 19UUY
Reconfigurable uaznsldianviegunsaididnnsoding 1wy PIN diode %30 Varactor Lite
AuAmnRnsuvesadumlvinlulih uenanddiininusuiieudefuardosinvosusias
Tlusudsednsam anududou washunu

;ﬁ%’aé’ﬂﬁimwﬁﬂmmﬁﬁﬁm Wy AgauLdevesdya1ad (Insertion loss) AIY
usiuglunismunuila wazaududaueddaseaing dedananeUsAnSainvesssuy
Tastowgluauiifiosnisauuiugigs W seuudeansliaeniuiguasszuuisans

Nan153seny1 walulad Transmitarray antenna wuuUSuiasuldddneningslu
n3muAuiianvesdyaiuedsdangu wazarunsainluldluszuud oansadeluiled
og1lsAinu ailfedrinlusnurnududousesnisesnuuunazaiugy devesdnyaal 39
desldsumainmiuAniieliauisoldnuldedsiussansnmludsgramnssy
AAEatasiuILATL:

wiumeruiiazegluavimnssudoans willarumiedoddudumandu ms

AIUANNGFANTIUVDITLUULUULTINIMUA (Controlled behavior) wagn1588NLUUTEUUTN

¥
v aa ¥ 1

ABINITAINLLUEIAY F9A0AARDIAUNUITEUNL LUUNITAIVANAINTEUALATUIIAUVDS

STUUBNTAUIEAU Execution layer TdanusugLaziatos

2.9  N5IATIZAYII19989971U738 (Research Gap Analysis)

av a a

PnNsAENEITeTiiedemuIn ATedusE UL S UmnesALTienleoeudIy
Tnglianudidyfunsiauinagnsn1se15anuy CC-Cv maiuusgdnsninues
ASEUIUNNTTID LATNITANNIILE OUANINVDILUALADS I3 AUUNITAIVANLIITY NTEUE
Largumiveaunne3luszninenszuIun1svsa egelsAniy uidedmiuinndiag
RITUUAADS ITBITEUULR Y WaoldAImsTinesn15esauuuivunal Al deealal
4111505095 UTEUULUALA DS nanesE UL ufi fasldidoulunsvrsaunnaaiulaeg 19

wizay wenanntl nuidediulngdierdunisimuerminiiwesiaeduiinnu dawaln
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Aemnudesiemuiianaialunaidenlusindniseda uazeradnasoaussnusvieaiy
msldnuvesuunmesluszozen

Tushusguudeans snAdefAeatesiu CAN wag CANopen daulnajsjatiunisduds
ToyaszninsssuuuImsdanisuunmeinazgunsnimuaunisluszuueusudlnimio

sruvgnanngsd lngliaudAgiuanudeideslun1sdeats nsanaunieuedseuy

a0 14

LAZN1IATIVFRUAINYNABIVRITEYa agelsinin Muideiiuunlaediulngdald
CANopen Tudnwazvos Communication protocol @1M5UNIIAANIUANIULVOILUALADS
= 1 a v a a v o ¥ d‘ o . ¥ o U a s
Wegeg1ahen wazdallaidednuiulesiiin CAN Identifier inlddnsunisseymsiines
WIgTBILUAweSatuayun1sdentusindnismsaliaenndesiuwunmasuiazssuy
UBNANT WIINITUU supervisory control wag Industrial loT azlasunsnauIegIs
wnsnatglusuaundenukagseuusnluda uin13ysan1s MQTT, Modbus RTU uag

o w 1

unanwesa Supervisory control dWSUsEUUMSINUAMDI NN TEAULTIFUSidad Aney
4N I(ﬂ&JLa'wwm’ﬁLﬁlamimﬁagaizwd’m Field layer, communication layer a¢ Data
analytics layer Tfanunsaviausiusiusuunanasldegdoios vuideinuulaediu
Tngj§ainnisysannisssuudeansaislusinaeasuivszuuidonluslndnisun{ad
ansRoUaUBIonud NV YR sLUAMBIMazUsTLdag 1 TusTuy

Tumun1sAnAIN UL ARAZNITIATIEING 1Y NuIFefEunliauddytunIg
uannadayauuuisalniuaznistafutayalusuuuy Time-series 113y agrdlsfinia
AT INgrsiaduiisanisiianuanisdlimesnielii wu wsedu nsvua waz
anurUsey nudauIan1sinsIenaNduRusIENI 19N AnIIUN5YISY waaulniia
Sunm wazdunuiundanungldlassadedasanliiuuy Tou Fauduiedudfydens
Uszilluussdnsnmuesssuussaluan1ien1sldanuasy

i ﬂ’m%’aﬁ/ﬁagaLﬂumiym’]miizwﬁami CANopen 317U MQTT, Modbus
RTU uag supervisory control platform iileldflunisssymsifivosuesuunined NMC vane
SEAULTY kazadvayunsidentusinanisysanuuiing CC-CV iianugndediag
Usimnmsimunadasuyed uenaint dujadumsinfuiasiamudeyauuuidoalg]
SufunMsinTeEndanuaiuumsmsaneldsnsanliiuuy Tou weifiuam

1909 ANMUADLLDY WaLUIEANSNINVDITEUUIISILUALADT MUIANIIENITIIIIURSS
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2.10 &gy

unil 2 Iddnaueuufn vl wernuideiifedesiuiunneidifisuloseusin
NMC u336udn n3zUaunsundauuuiing CC-CV szuudeans CAN wag CANopen 521
SEUU Supervisory control 14 MQTT, Modbus RTU way Node-RED @1nsunisideules
wazaruandeyanieluszuurda uenand Seldnausuummanmsiaiuuasamudeya
wuuisealngd nslesgrinasnuliin wagnisiuasunuaungsunglaensian i
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unddaueisduiunsisedmsunisosnuuy aun warUsudiuaussausves
seuudeniuslndnmsvisedmsununmesafionlosausiln NMC usesiusnvaseususing
ATV 10g3aiiunIsmIvANNSEUIUNTEITAMULTING CC-CV TridanndodnunnanuMeane
YBILUALADS LT TEUURE9gFas Hiafiosaw uazanunsavinauldegedeiiesnnels
an1en1slduese el lwaudidydunisanaiuidanainainnisiivue
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architecture) 1l elWanunsnszydeyatszsmumme’ tenluslndn1svisa uagimun
Amnsfnesvenaiomnsaldesradudaimun (Deterministio) Taeld CANopen 1Bunaln
ndnlunisszymdinesvosuunined iy CAN Identifier @94 oyadl ldfuasgndadng
Supervisory layer 61 MQTT i slfunanasy Node-RED yuiinfiUszanana 3asizw
wazidonluslndnisysafivmnzay neudienandsluss Execution layer w1 Modbus
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WU AT NIEUA WaTNOANTTUTBILUAAESTENINNTLUIUNTTISUUUTNG CC-CV 2y

v

gnantiulugiudeya InfluxDB wazuansnakuusealniik1u Grafana Dashboard weldlu

ASRARIULENYTAINLALANTTOULVBITLUUTIID

ATV - 4
0xS00 °

ATV -3
0x600

ATV -2
0x700

ATV -1
0x800

Received

U 3.1 anilnenssussuuldeniuslndnisenauuniaes NMC sinu CANopen - Modbus

RTU

[%
v 1 [y

1N3UT 3.1 aandnonssuesszuuyszneusemiieieas CANopen TiRngss Ny
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CC-CV IngluInneiananIgIganANuEanaInInN1sivuad MLy ee Wiuausedesly
N137uYessruy wardislinismiauuameIarunsaviulaegediadiosnmangle
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Frome ESP32 _  Charger
Relay Modbus
ﬁ _ RTU

\ / CAN Low \_
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l l DC Qutput
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U7 3.2 Tassadreszuuidentuslndnisunsaniu CANopen uag Modbus RTU

9N3UN 3.2 aziiuliinszuuisuduainnsdeioya CAN ID iuanedeyayin
CAN High ag CAN Low lUgwmiisiudeyavetiniodn1ia 3ntudeyavsgnaisaniu
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M15799 3.1 gunsalldlunsiauszuuysa

sunmaunsnl YogunIal-iin sunamaunsal YagUunsnl-Nin
LATDITITUAAF Wi-Fi dmiunis
-
3 - ~
Sug WUU 0-120V/0-30A doens MQTT

L. . LA309893n AC
3188 RS-485 91UIU

8 Channel

Power Meter

PM2230

Mini PLC-H3 %i5e \A30ailo¥n DC

(redPLC/Node-RED) 1 Power Meter

JL gunIalAIUAY
LURLAIRIA NMC

. Duty Cycle iy
wnm 3.7V25Ah/Cell

Fixed CC-CV

323  wnunwmsieusessuulwiiuazssuuaIuay

nsideusiegunsalmelugusagnosnuuliuendiuseninasasidslaidi
2993AIVAL LATTEUVADATEE1TRIIY W eandayyInsUMIuLALIiLIAR TN TNIBITEUY
M TngrsasidaliiyihminAsiondanuliiuieiesnsanazuunned vazieas
muuihvthiidad1funisyinuwesssuukazidennIImesnsvsan1y Relay control
uaz Modbus RTU dusguudeansvimihdideslesdoyassmitsuunned ssuu Supervisory
control uarszuuAnnudayauuUEEaln uenani mstasgunsaiuegnsAuameniely
gisgnoenuuulianansanenidumevesatsidslniiuazansdoarsesnandu iiean
NaNsENUIIN R INTUNIuKasfinaseidoslumsdsansuesszuumugy fauandly
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JUN 3.3 unun1mn1swensieszuulniuazsyuuaiuaunelugysa
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29937 AUNTUYNoB NKUUTTRSTUNTYISALUARDS NMC 31u3u 4 TUsng laun
24V 5A, 48V 5A, 60V 5A uaz 72V 15A lagusazlusindasgnimunianudumiugneds
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JUT 3.4 24AIAIVANLTIAULAYN TLLAVBUATOIVSAUULUTING CC-CV

1NFUN 3.4 UAAINIIHAINIINATAIUANNIEUDNEIMTUNINUAAILTIRULATNTLUA
£1999999LA3 099159 Delta lnald1935USUAT Duty Cycle S3UAUINATLUILTIAULAIIRS
Pianszua Weademnsiiinasnisvisandennassiulusinannmualiarmen uanaindds
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fin15e8nuuULHY PCB Wialiaunsnfndaeasaiuauliog1adussuuwasannanssnuain
Foyeyrausuniunglniiluse nansnsiienuais

[

dieliszuvanusadenlusinanisuisalalaednluds 1uideiliussyndld Relay
Module Nd8a15:14 Modbus RTU UuLAT8UE RS485 @S Uvutaanyar1a31ul
P a ° v ) ¢ | ¢ a ¢ ° v aA W ¥
sunungnimualiasmiuuueinniuauveusaylusing lneSiadasihmthtaduidunis
YDINATHIITULALNTELALNTIN U U LUV ILUMP DI AR TEUU d90alALASIUSAF1UNTD
WAsUAINITITmeSN1599ule tae o mlusl@ tunistaenlustidnisvasanield Execution

layer vesszuuAIUAN Madentusiidnisusauanssisguin 3.5

C.V./C.C.-Fixed

JUN 3.5 nsidenlusinanisvisaniu Relay RS485 dwsusyuuiing CC-CV
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N3UT 3.5 wanslassaiansidiensiasening Relay RSA85 WaguoinUANLIIRU-
nIzuaveAendd Inuszuvasidenyaranuiunuiidenndeafuluslndnisufaudas
yorumsdansiad vilvannsadivuarinsfavesnunmeuiarseiuLsaduldagg
gndosuandudaiivue uenndl wsananeeliszuvanunsaldindemiadies
i3eafrsesfununmeIvatssuuulingldlassaiumunuiiendu anmadudeuves
sruukasiineudangulunisldnuais

33.1  nsimun CAN Identifier dm3ununinad NMC

[y

TuntseanuuuszuvdaIsdInsunsaanlusinanisusa uidedl

[J

MUALA
wuRweuAAYsEULS CAN Identifier (CAN ID) towng iileldidussyydoyaussduumnod
Tusede CAN Bus Ingld ESP32 ilumiteyszananandnsiuduluga CAN Transceiver
dwiudeyaidndszuumiuau n1sivua CAN ID ludnwugsinandielvssuvaiunsassy
yilnvesnumnesuazidenlusiidmsniafimnzanldlaosnlusid ananuiiawainainnis
Farnfaesyed wozifiunnuseiedunsinuresssuy

Tusuised lalduuanie Static Mapping Tneo1faen Chip ID n58 MAC
Address 494 ESP32 L udarimun CAN ID vesgunsaiusiazya 10391 Chip ID 1dudn
Usgdrisedueninuaiitlddnsu shldaansesyyuunmeiusazszuuldogsdnay lnessuy
avg1uA Chip ID dladufunishann andufauuisufieufunisedan CAN ID fignasield
dramth rieudsteyaitngssuudeans CANopen tteldlunisidenlusindnsnda dauandly

AN5199 3.2

AN 3.2 N15A19UR CAN ID @RSUBURLADSWARY ST UU

CAN ID SEUULUAAES NMC Tnualuslnanisynsa
0x500 24V 5A Profile 1
0x600 48V 5A Profile 2
0x700 60V 5A Profile 3
0x800 72V 15A Profile 4

AENFIN ESP32 81uA1 Chip ID ke suuagthAfanaaidignssuiuns
= = ) 1% A o P B A A o w o
Wiguiguiugiudeya CAN ID Adwualiatmni ieldenvaneiaruszdndiveauuninaii

anfes neudslayaidnginsetny CAN Bus lngdiegralanitlddmiufvun CAN ID veus

AYTLUULANIAIFUN 3.6
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»4_t chipID;
2 t can_id;

setup() {

chipID = ESP.getEfuseMac
Serial.print(“chip 1D: ");
Serial.println(chipID, HEX);

if (chipID == @xFAD1B21AD6BS
can_id = 0x500;
else if (chipID == Ox1CB2F8BDIE7C
can_id = 0x600;
else if (chipID == OXCOEAYBIEFOCS
can id = ex700;

Send else if (chipID == ©x48BDF1BDIE7C

can_id = 0x800;

NMC-CAN ID ot

Receive

can_id = 0x000;

JUN 3.6 M3Tuskazas CAN ID seninangodhuntae3 NMC uazdu35anu CANopen

Nnldntraduaziiulddusiagean Chip ID gridesilosiu CAN ID lanzves
sTULLUAIMEI AR YlvszuasoivusdanuesunmeslelusyRussaunaslagll
frosfianintsaarangUAtRw dwalinmadenlusindnsniafinnudeideuazanmi
AenanainnsimumeTilsignsios

332 NS9ENKUUUBIAAEIS CANopen dwsutdanlusindnisunsa
uisedlewauivesadedns CANopen dmSURRR IR ULUMLABI UAaE
szuv Wieldlunnsds CAN Identifier lugsgmnsadmiuidenluslndnisusauuusnlut@ lne
vainnenaIUsEnaumy ESP32 dwsuuszinanateoya luga CAN Transceiver Ju TJA1051
dmiuid ousioula3 818 CAN Bus 1ag3993 DC/DC Converter dwsudnendanulsifiy
gunsalnmeluvein

uBN9INNIIAIMLA CAN ID uda vesadeansaagy 3.7 Segnosnuuulv
a3 UAA ISR LTIR ULALNTELAYELUALADI Y DIff Switch 4 sldndnnis
Binary Encoding Tunsuasanuzaesadadliiduanisiimesiigeansldnuass lnaad
Iszgninlutszananasiudu CAN ID wisldlunisidentusludnsusalusedu Supervisory

layer
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JUN 3.7 Uasadeans CANopen dmsussyiunmmasiasidentusiidnisusa

mﬂgﬂﬁ 3.7 aziulainuesndeasusznausiensas DC to DC Converter
dwFudnoussduliitu ESP32 uazluga CAN Transceiver Lilaionsaiuia3etng CAN Bus
yauzdl Diff Switch grldidugunsalimuasmsiinesvesuunneilussiuensans duwa
Tiszuvanunsadenlusindnisvsalaegradudaimunuazanniszveanisuseatanaly
SEAULINALIT

3.3.3  MSIMRUANISIAMBIHIY Diff Switch

iieliszuvausadenTusingnisudalaluseduasauas auisedls
POALUUSYUU DIff Switch @19SUMNUAATNISIHLABS VBILTIAURALATLILANIU GPIO VB3
ESP32 Tneldnannas Binary Encoding lunisudasaauzvesaindliidudimisifimes
Fosmslduass Ssaslissuvaunsarvuaainisensaldesnssing Sauaies wazan
AARANAININNISRIAEN LTRSS

Tudruresnisimuansssulni 14 Diff Switch s1uau 3 9n 1 eudaiu
GPIO25, GPIO26 uaz GPIO27 99 ESP32 wauzfinsiuunainszualniinld Diff Switch 3n
3 90 Leusoru GPIO14, GPIO12 uag GPIO13 Au&Iy Tngnnuignivuabiviaululyue

INPUT_PULLDOWN titedasfiudeysyiansuniuluseninmseudeys duandlunisiei 3.3
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M5197 3.3 N5ideuse DIff Switch fu GPIO vad ESP32

Diff Switch 41 GPIO ?1n ESP32
S1 - Voltage GPIO25
S2 - Voltage GPIO26
S3 - Voltage GPIO27
S4 - Ampere GPIO14
S5 - Ampere GPIO12
S6 - Ampere GPIO13

ANYVRINAMUARIMNLIVBY Diff Switch WA T¥UULVINITE AN UL
a03nvotuAay GPIO wazinAluwn3nlimdgnszuiunisuseananaiiowdasdumsediu

LSAULAZNTELENABINTTITUATe Tneiaeg 1 lAnE IS UBIUATSEAULSITULAAIATTUN 3.8

Diff Switch

CcC.

JUT 3.8 MsmvuarLsiulAznIzRavesyuUTing CC-CV Hnu Diff Switch

nlAnd ey sruvaveIuanIuEves DIff Switch 118 3 Janavihuisedly
sunuuluudneunaadudissiunssfuiidesnisldanuasa Wy A1 0b000 axgnrsuals
\duszuu 20V vauzdien 0b100 szgaimualiduszuy 72v danalviszuuanunsaiden
Asdlmesusenulalagldfeanlalusunsuluseninenisldeuass Tudiuvesnisiuuaan
nseuali szuulduannisennulunisenuaanuzae Diff Switch 11 GPIO14, GPIO12

waz GPIO13 fauwlandurinsewaniuualiarwtn lnedisgaldndnsusiuainssia
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nlAnd19iy szuvagynisulasannugluuniaes Diff Switch Tl
Anszuasndwenn’ondn duhliansadendmisinesvesszuumsalaluseiu
gNiauIsHazanANLTUTOUTDINTUTTUIANA LU TAUTONALIS

3.3.4 nalanisi@enlusiwanisyisalussauszuu

ANENFIINTTUUAIMUA CAN ID LagaIuAINITIARIAN DIff Switch La7
foyaianunazgndadng Supenvisory layer iniluslanea MQTT wleldlunisussuiana
wandenlusindnsundafimuneanfuiunnes uragszuu Tng Node-RED avimiinfivdu
gudnanslunisiamisdoyauazimundifunisvinauvesssuy Aoudedidaniu Modbus
RTU TUgs Relay RS485 d1suUidonynA1A1ufuMILY991995AuANL I UkasnIswaly
Execution layer

Tusediu Execution layer Siadusiazdosdnanaazgnivunliideusafuyn
AAudunuanzeosudazlusidn1sese Sesaianudiunudanagnufudly
SanthuuuesamuauLIITULAZATELAYBIAT BT ILUUTING CC-CV ilaszuuldiuteya
CAN ID wagnsiaaeuAugnaosvasluslndus SULTEU Relay RS485 ldanidumia
Y99NAIAVANT N TITUNITIT RS UBIUUALADT uiazsy U dinaliing eavn9aaiunsn
mMuuaALsIuLaznszualalne onluds

wonand MuAseiigeonuuumsidenlossenine CAN ID, Modbus Slave
D wazdesdyqnadadiiinuduiusiulussiuszuy Wisliausadenlusingnsusols
staiosmandudaiimun Tneseazdunresnsdenlossening CAN ID uazseuliiad

LAAIRIAISINN 3.4

M13999 3.4 M3eules CAN ID Auseuusiadaiuny

CAN ID Slave ID Address (Relay Channel) Relay RS485
0x500 1 0-3 Relay 1
0x600 1 4-7 Relay 1
0x700 2 0-3 Relay 2
0x800 2 4-7 Relay 2

NAN5197 3.4 iuleinusiar CAN ID gnifeulesiu Modbus Slave 1D
WALAIWIUIS g NWANA19AY Yinlrszuvaiunsanrualdsinan1svisalnegataaumazan

ANUTIgauraINIsAIUANNglY execution layer Tnguwinnsdanandvisliseuvaunsald
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2) ESP32 81uf1 Chip ID kazaniuzuas Diff Switch

3) spuuivun CAN ID uagAnIIdlines eI UnLADS

4) dedayar1u CANopen lufsgunsa

5) Node-RED Sudayariu MQTT wazUseudanalusing

'
I o o 1

6) @dsniu Modbus RTU lUga Relay RS485

7) SWRGEeNYNAIAINATUNINYEINIT CC-CV

8) LATRIrsASUVIINUAIUsIHaN T rual a9t

nalnaananareliszuuanuisaidenliuslianisusalaegradusalul® dadu
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NYUIUNITINIY damalit Execution layer @nsnsasinaulasgnsnsiieswazinnuingeie

gedmiunsuszgndldnuiusEuunsakuames NMC viangseauwsaiuniglussuuieniiu

1% 4

3.4 N3HREIUAYATENINUUALABTLAZAYSIHIY CANopen wag MQTT

Y
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U

sruudeansniauulunuideidgnesnuuuiiesessunisidenlusivdanisvisa
WUAADS NMC L3sauiuuudnludd tngefenisaeansseninenaosuunnaskaggusaniuy
lUslnmaa CANopen faudstayaiing Supervisory layer H1u MQTT Litoldlunsinmuuas
Uszaranatoyanwuuisealnyd a1eluseuu ndesuunnaiagyimunfds CAN ID wioudoya
LSIAULAZNTELANEAYNY Vaue g ITRsinihnTuTeua InTeilusinansnse wasds
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YagU7 3.16 Tnenelu Node-RED szuvazldiladidunsiaaeuan CAN ID il ouonidunig
Yoyaveuuntned uiazsyuy Aoudsidaniu Modbus RTU U8 redPLC 1ite activate
Fodnyaaves Relay Module maluslulddismunlidranii vilusaslusingezidonles

AUYAAIAIUAIUNIUYD9T CC-CV UANANAUEMTUAIUANATLTIRUAINLAZAINTE LA

ANTIVDUAT DIV IARAN
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gﬂﬁ 3.16 @1siunns Trigger Relay RS485 nenain1sAnwen CAN ID dmsuiindan CC-CV
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Fontosdyaauesszuuiind CC-Cv Winsstulusinduesuunnes uiazseiuusiiu 1wy
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neluszuuifednuy

3.6.3 nsAemuuaziuiindeyandenuile AC vaeszuUIS

n1eluauided szvufanudeyandsaiud snszuaady (AC Side
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wadn Ansziaussauzvetsruuensa wagldidudeyaddsdmsunsiraeuniugnsieanes
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Faflmadsundasvesidslinuaznssualwiinmaeanszuiunismnia é’aﬁ?usﬁaaﬂaﬁiﬁmﬂ
5eUUnT19In RN lddmsuRnauaaIuEvesITUY IAT1IEYNgANTTUNTIONE 1Y was
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Ansdnesnisliinddidey aun Arusaiulnia (Voltage) nszualniin (Current)
&gl (Active Power) wasndsnuluiinazay (Eneray) W1 Current Transformer (CT) 7
Andauinamedeuvessyuy vl PM2200 annsadeansteyarinuluslnaea Modbus RTU
VULATOU18 RSA85 ﬁﬂﬁmmmL%amiaﬁayjatfﬁ’]aj supervisory layer 18955 UULALAYAT
uennidoyailéarn PM2200 Signlddmiulssfiuanudeiilsmesssuunia nvadeu
waAnssunslindsnureaniowdn uaglidmiuiiouisundsnulniseninusaslls

Tldnsufaniegluauisde duanslugui 3.17
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SU# 3.17 msdinsnundanuliinils AC she PM2200 H1u Modbus RTU

9ngUT 3.17 guiiuldandines PM2200 Qﬂﬁﬂ@?ﬂ@@ﬁm Input Vo9A3 84
yiunadiieltdmiunsaiandsnulwitils AC Tngszuuazld Current Transformer (CT)
dmduinanszualniinvennd oo vaziawssiulni Adsluin wagndanulain
azauvzgnUszaiananisluiiinesnoudetayaniuiaieayis RS485 LU Node-RED w1y
TusTnAoa Modbus RTU fisildeyafignasiainaggnlddmsuanmunginssunislindanuy
y9a1A3 099159 lulAar 29989 TEUIUNNTYS Y il dudeyasedadmiudssiiu
AU550ULBY Execution layer nelussuuyisa

Tun1sgruAmdsaIuain PM2200 $1uddeiltmuals Node-RED 8udioya

(Y < 1

W1u3Tamesve Modbus RTU &asmsndmesmslniiusazadnizgniafiveganelu
Address va%33amasfiunnsneiu addoyaiildnielumuddeusznoudsauseiulain
nszuabniln Adalniln wasndsulniazay Ima%’ayjaﬁwmgﬂ%’mLﬁuiugﬂLLUU 32-bit
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M5197 3.5 NMsuaUIIawes Modbus RTU dwsunsiadiandeanuluiiile AC ves PM2200

. . | Address U9 .
WISTEHLNDS Y9 NUELA

(Register) Register

w39n Ul ANRAELSIRUSEUU (Line to
3027-3028 2 (32 bits) V

Voltage: V Line)

nazualii L
3001-3002 | 2 (32 bits) A | Aedunsewalnin

Current: |

Aaabusin

Active Power: | 3053-3054 2 (32 bits) kW | maelninaseveessuuy
P

wasulndin
Energy: kWh

3203-3204 2 (32 bits) kKWh | wassuasay

'
laaa [

a @ Yo 1 [y v [3
I1NAITNN 3.5 ﬂ%L‘Vi‘uiﬂ’ﬂﬂ’]LLﬁﬂfﬂu1Wﬂ’W@ﬂi%UU@Jﬂ%ﬂLﬂ‘U’eJEJ‘Wi@CIﬁLG]EJi

Y

Address 3027-3028 vniriiAnszualiiiazegil Address 3001-3002 drurridsldiiass
UYDITLUUILYNBI1UIN Address 3053-3054 LLazmwé’qmulw%azangﬂﬁ’mLﬁuagjﬁ

Address 3203-3204 ¥4l Node-RED 3g¥1117181UA1985 AN LMD AINA1IN Y

Modbus RTU feutideyaiingnszuiun1ssiudeya (Merge Register) wazuiasdoyaliag

Y

TugUwuuiianmnsaldnuldngly supervisory layer vasszuugsasiely

£
v Y

nelu Supervisory layer :1u3dsillaWaIUITZUUUY Node-RED d1nsusnu
ATNHIIUANN PM2200 LUU real-time 1ne Node-RED 289111111191 Trigger N15871UA131A

14 1

filmesH1u Modbus RTU m131 CAN ID ¥8suunines uiazszuy neuiideyasiamesidng
nsEUIUMITINTRYE (Merge Register) uazuiasdoyalrioglusuuuuianmnsaldanldniely
syuv WetdeyatignussinanadvUsznoudaea sl nszualiii Mddlain uas
wasulniagan neugndadigssuugiudeyauas dashboard dwsuldlunisinniy

ANTULUBITLUUKUY Real-time Aawandlugun 3.18
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WdunsnssuAmdsaus CAN ID vesuuamesusazszuy Taaleszuuldsudoya CAN
ID 910 Communication layer 13 Node-RED 91115 Trigger N1581u48ya31n PM2200
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a Y @ a 4 ' 3 . Y &
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M3IvaeUTaLAd o UNAY TATIEINgANTIUNSIING Y wagfnauAInTTnesvaaTes

& 1 P oA v a o = v & . .
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data FeanunsairlulgdmsviinsizvingAnssuveanisswisalunsazlusing wWisuiisu
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s2ufU Execution layer wag Monitoring layer taagsauysalaialilaseasienisdeans
REIAUYDIUINY

3.6.4 nshanuaziuiindayandsnuils DC ¥a95EUUYIse
sruuianuteyandsuilinszuanss (DC Side Measurement) niaunTu

BT UNTIVFDUNGFNTTUTDINTZUIUNITVITIUANDT NMC th3ssiusinluszau Output
YBRATBIYITNAAAT LaeN159539TANGIURE DC TAudIAgyAanIsATIEINg AN IUT09

szuuilndg CC-CV winsananseualninazusasuluiiaziadsunlamudnuaznisuisa

=

Tuisagy19veInTEUIun15¥5a Neildeyanniainlavsgnlidmiunsirdeutianssuansy

Y

(Constant Current: CC) waza9wsasuAsil (Constant Voltage: CV) saudialddmsuusziiiu
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AUTIOUTVDUAS BT IATAIUADAAGBIVBS Execution layer AUlUSIHENSTSaTifvun
Tingluseuu

Tumsamatandsnulaiie DC dediFenld Power Meter ju PZEM-
017 920U Shunt resistor 1A 50A dWSuRRRIUIALDHATE AT SAAARTENINS
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warndanulnihavanessyuulalnenss SedudnnnsinuressruUAsIRTnazadenisin
WSITUANASBLUUY Shunt resistor vt o bUAwImAInszwabiff lrasuszuy vauzfian
wssulvlihveauunimeIargnasainanednaveadomdalanse demalissuuannen

AnPungANIILVRINTEUIUNNTVISAIUIEAY DC liegiaiiio daanslugun 3.19

load

Supply

.

RS485 to USB cable PC

50/100/200/300A shunt

SU# 3.19 m3nsrafemdssnluiindle DC fhe PZEM-017 $2ufu Shunt Resistor 50A

NNFUT 3.19 Awiiuladdn PZEM-017 nAnsiaeg UsaniledinavedaAzednnse

waduielddmiunsivinarmnsidinasnaluiivessevuyisads DC lnggunsalaenand

aunsad eanstoyan1ulusinaea Modbus RTU uuLA3a91e RSA85 neudsdeyaiing
Supervisory layer U945 UU ﬁzﬁﬁﬁagaﬁlﬁmﬂ PZEM-017 aggnlddmsufinmungAinssuves
wssfunaznszualuiinlugag CC wag v suddlddmivimneviaussourveaniomndaly
wiagluslidnisvifavesuunine’

n138 AWM IIMAIN PZEM-017 $1uidniifsnunlik Node-RED snudaya
W1u5Famesues Modbus RTU Tnedesadi ¥ a1elussuuusznausloausssuluii

nszualiln Adaludln ndanuliiazan wazanuzusaiuiAy (High Voltage Alarm) 3
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AMsISmashRazriinazaninivaglusIawmas Address NWANFANIAY BTIHTLALIIFTULAL

Y Y Y

o

nszuazgnimnuluguuuy 16-bit Register vauzfiAmaslniuaznasnulninazgniaiu
lugUuuy 32-bit Register iaiiuauazidenvestoyadmiuldlumsiianeinginssuves

SEUUVISD AILAAIIUAISI9N 3.6

M7 3.6 MsuaUSIames Modbus RTU dwisunsiadandanulniinda DC wos PZEM-017

- . Address . — . .
WISIHLNDS IMUIUSIALNDS e Resolution
(Register)
w59l
0x0000 1 (16-bit) V 1LSB =001V
(Voltage, V)
nseukaluliin
0x0001 1 (16-bit) A 1LSB=0.01A
(Current, 1)
Aaalndia 0x0002 —
2 (32-bit) W 1LSB=0.1W
(Power, P) 0x0003
nasulniin 0x0004 —
2 (32-bit) kWh 1LSB =1Wh
(Energy, kWh) 0x0005
ADTULWIIAULAY
(High Voltage 0x0006 1 - OxFFFF = Alarm
Alarm)

s

15797 3.6 iuldIAuseuliivessruugniAAveY i3 datnes
Address 0x0000 vauzfidInszualwiinazegfl Address 0x0001 drurafdalviinazgnenu
910 Address 0x0002-0x0003 wazamdsnulsiiinazanazgniaiiuagil Address 0x0004-
0x0005 V191l Node-RED agvimitiiigrudndeyaainidamasdanarasiu Modbus RTU ey
thifeyaiirgnszuiunsuszaananigly Supenvisory layer tlslddmsuiamunginssa
YoeszUUYIFIazInfiutoyaindgudeyavessyuy

aelu Supervisory layer uAdeildiansEULUY Node-RED dmiusu
wardaliudoyandsauain PZEM-017 WUy Real-time Tagszuuagyiinii sudeya
Ul nszualin Adsluil wasndsulniagausitu Modbus RTU nauidaya

dhdnseuiumsdnguiuudeyaliegludnuae Time-series Data dwsuldlunisdaiudaya

(%
1 v

Wnggudeya InfluxDB Misiideyaszgnuendniuauldsidnisysavesuunmeiunay

Y Y
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YUY LU 20V5A, 48V5A, 60V5A Way 72V15A Wit elianusauTeulisungAnssuves

nszvrunsvtuidazlusindlaegadanu dwansdugin 3.20

InfluxDB 72V15A J
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InfluxDB 60V10A j

InfluxDB 48V05A

InfluxDB 24V05A

|

U7 3.20 msdaufiudoyandsanuils DC 910 PZEM-017 aslu InfluxDB s Node-RED

n3UT 3.20 1uledn Node-RED gnesnuuulsaunsasudeyasin
PZEM-017 511 Modbus RTU neuthdeyalingnszuiuns Transfer doyalogluguuuud
wingaudmiunsiafvlugiudena Influxos Tnedeyafigndaiivazuszneudaee
wsastuluitn nazualalitn sl waendsoniliiihavauosssuurnie vaimsdaiudeya
luanweiz Time-series Data Y7gliad1u150fnR UG ANTINVBITZUUTNG CC-CV AAT129EN1T
WABLLUADIUSTULAENTEUATENI1INTEUILNTNS D Sanddlddnsulseifiuanssauy
vourdosrialuwiarluslndldogiusyansnm uenaininisly Influxos Sstaelissuy
annsadeslosdeyaiing Grafana dwiulanmadeyauuy Real-time wagldlunsiinsizs
Yoyadoundwosszuur falutumeudaluvesmifelfessdaiiles

3.6.5 nMsuaAnKaLazInzidayanu Grafana Dashboard

o

a ¢ & ¢ A gy
SLUULERINaLALIAT et yagnaNTUULLNasYlesy Grafana Weldidy
Visualization layer @115 UAARINENTULVDITEUUBISILUALADT NMC UIIAUAILUU Real-
time 1ne Grafana gnldsauiugiudeya InfluxDB Faviminidaiudeyaluguiuy Time-
series data 91N5¥UUATIVIANGIUTIE AC waz DC neluszuunsa Madideyafigndmiu
zUsenaumigawsauliin nszualiin Mdalnily wasewlaiy wazdeya CAN ID vos

a | = 1 4 a a ay s a 4
WURLADI WAALTEUU FetielralnnsafnnIungfinssuveessuuiing CC-CV wasdngnsy

AUTIOULVDNATDIVNS P B8 19M LD
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A B C (8] E F <] H
1 TimeStamp Voltage [V]  Cument[A]  Power [KW] Energy[kWh] TOUType  Rae[THB]  Cost[THB]

674 2026-01-19 19:00:28 0 0 0 8206 Idle 0 0
875 2026-01-19 19.01:31 212.72 5.233 0.94 8211 On-peak 51135 0
BT6 2026-01-19 12:02.01 2127 5.228 0.84 8219 On-peak 51135 o
677 2026-01-19 19:02:36 212.89 5.234 0.94 8228 On-peak 51135 0
878 2026-01-19 19:0310 21262 5252 0.95 8237 On-peak 51135 0
679 2026-01-19 19:04.03 M2 T3 5267 0.85 825 On-peak 51135 o
830 2026-01-19 19:04:36 21261 5.280 0.95 8.259 On-peak 51135 0
681 2026-01-19 19.05.17 2126 5.295 0.96 827 On-peak 51135 0
682 2026-01-19 19:05.50 21241 5308 096 8279 On-peak 51135 o
683 2026-01-19 19:06:56 212.48 5.326 0.96 8297 On.peak 51135 0
684 2026-01-19 19:07-35 212,56 5.334 0.96 8.307 On-peak 51135 0
685 2026-01-19 19.08 06 212 64 5.339 0.67 8315 On-peak 51135 0
636 2026-01-19 12:08.01 213.23 4770 0.86 8329 On-peak 51135 1]
687 2026-01-19 19:09.46 21367 4.366 0.79 8.34 On-peak 51135 0
836 2026-01-18 19:10:41 21424 4.008 072 8351 On-peak 51135 0
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Abstract

This paper presents the design and experimental validation of a hardware-enforced charg-
ing profile selection framework for low-voltage electric all-terrain vehicles (ATVs), im-
plemented on a programmable Delta battery charger operating within a voltage range of
0-120 V and a current range of 0-30 A. Unlike conventional programmable chargers that
rely primarily on software-defined configuration or battery management system (BMS)-
negotiated parameter setting, the proposed system enforces predefined constant-current-
constant-voltage (CC-CV) charging profiles at the hardware execution layer. Vehicle
identification is performed using CANopen-based identifiers, while relay-based selection,
controlled via Modbus RTU, physically routes the charger output to fixed CC-CV control
paths, thereby structurally reducing the risk of misconfiguration and unintended parameter
changes. The system integrates layered control using embedded ESP32 nodes, a redPLC
supervisory controller, and NodeRED-based orchestration, combined with real-time mea-
surement, logging, and visualization using a time-series database and Grafana dashboards.
Experimental validation is conducted using lithium-ion battery packs configured at four
nominal voltage levels (24 V, 48 V, 60 V, and 72 V). The results confirm correct automatic
profile selection, deterministic relay-based routing, and stable CC~CV charging behavior
across repeated charging sessions. Rather than proposing a new charging algorithm, this
work contributes a safety-by-design execution-layer charging architecture that comple-
ments higher-level smart charging and management protocols and is particularly suited for
closed, heterogeneous fleet environments where deterministic behavior, robustness against
configuration errors, and transparent verification of charging processes are critical.

Keywords: charging profile selection; programmable charging system; electric all-terrain
vehicle; CANopen communication; Modbus RTU communication

1. Introduction

The rapid growth of electric vehicles (EVs) and the electrification of industrial service
vehicles have significantly increased the demand for reliable, scalable, and safe battery
charging systems, particularly in mission-critical applications such as airport ground sup-
port equipment (GSE) [1-3]. From an energy conversion perspective, battery charging
systems are fundamentally power electronic systems responsible for regulating voltage
and current delivered to the battery. In such environments, charging infrastructures must
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support continuous operation, high availability, and multiple vehicle types with different
operating requirements. Consequently, the performance, robustness, and safety of the
charger hardware directly affect energy efficiency, battery lifetime, and operational conti-
nuity. In this work, although the target application is airport service vehicles, an electric
all-terrain vehicle (ATV) is employed as a representative experimental platform to emulate
the charging behavior and operating conditions of this class of industrial electric vehicles.

In practical deployments, industrial electric vehicles and service vehicles are often
equipped with battery systems of different chemistries, capacities, and nominal voltage
levels, leading to heterogeneous charging requirements [4-7]. This situation is particularly
common in airport service fleets, such as baggage tractors and other GSE, where vehicles
of different generations and specifications coexist within the same charging facility. From
the viewpoint of battery charging principles, most lithium-based batteries rely on constant-
current-constant-voltage (CC-CV) charging strategies, and the correctness of voltage and
current setpoints is critical. Even a small deviation or an incorrect parameter selection may
accelerate battery degradation or cause safety risks [8~10]. Therefore, in multi-voltage and
multi-capacity charging environments, the correct selection and enforcement of charging
profiles become a key engineering requirement rather than merely a configuration issue.

To manage the growing scale and complexity of charging installations, communication
and supervision frameworks have been introduced into EV charging systems [11-14]. In
this context, the Open Charge Point Protocol (OCPP) has been widely adopted for charging
management, monitoring, and coordination in large-scale deployments. However, these
communication-oriented solutions mainly operate at the supervisory and management
levels. They do not directly guarantee that the safety-critical voltage and current limits
are enforced at the power hardware level. As a result, even in well-managed charging
infrastructures, the final responsibility for safe charging behavior still rests on the correct
configuration and reliable operation of the charger hardware itself.

In addition to communication frameworks and charging infrastructure management,
several studies have examined electric vehicle deployment policies, demand-side manage-
ment, and coordinated control strategies to support large-scale electrification. These works
provide important insights into grid integration, infrastructure planning, and system-level
optimization of charging operations. While such approaches address broader planning
and operational aspects, they do not directly ensure deterministic enforcement of charging
parameters at the execution layer. Therefore, the present work focuses on hardware-level
mechanisms that complement these higher-level strategies by providing robust and verifi-
able charging profile enforcement.

Along with the increasing connectivity and configurability of charging systems, cyber-
security and operational reliability issues have also attracted considerable attention [15-17].
Software faults, communication failures, or human errors during configuration may all
result in incorrect charging parameters being applied. From a power electronics perspective,
such faults are particularly dangerous because they directly affect the electrical output of
the charger. In heterogeneous battery environments, these issues may not only cause imme-
diate unsafe charging conditions but may also lead to long-term battery degradation. This
observation highlights that misconfiguration is not merely an IT or management problem
but a fundamental engineering safety issue in modern programmable charging systems.

In parallel, many studies have investigated EV charging infrastructures from system-
level and operational viewpoints, including station operation, scheduling, and large-
scale deployment planning [18-20]. While these studies provide valuable insights into
infrastructure-level coordination and energy management, the practical problem of de-
terministic charging profile selection and hardware-level enforcement for heterogeneous
battery systems remains insufficiently addressed. In real charging facilities, battery packs
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with different nominal voltages and capacities often coexist, and even a single incorrect
parameter setting may directly result in unsafe charging behavior or irreversible battery
damage. To address this gap, this work focuses explicitly on the execution layer of the
charging process and investigates how charging correctness and robustness can be struc-
turally improved through hardware-enforced design principles. Rather than proposing
a new charging algorithm or replacing higher-level smart charging, scheduling, or man-
agement frameworks, the proposed approach targets the safety-critical interface between
vehicle identification and power delivery. By binding vehicle-side identifiers to relay-
selected, hardware-configured constant-current-constant-voltage (CC-CV) charging paths,
the system reduces reliance on runtime software configuration, backend negotiation pro-
cesses and operator intervention for voltage and current enforcement. This execution-layer
perspective complements existing supervisory and management-oriented charging archi-
tectures by providing deterministic and verifiable enforcement of charging parameters at
the physical power interface, which is particularly relevant in closed and heterogeneous
fleet environments where misconfiguration risk and operational robustness are primary
concerns. Motivated by these challenges, this paper presents the design and experimen-
tal validation of a charging profile selection framework that emphasizes deterministic
enforcement of charging parameters at the execution layer. An electric all-terrain vehi-
cle (ATV) is used as a representative experimental platform to emulate heterogeneous
industrial electric vehicle operating conditions. The proposed system is implemented
on a programmable Delta charger and integrates CANopen-based vehicle identification
with Modbus RTU-controlled relay selection to physically route the charger output to
predefined constant-current—constant-voltage (CC-CV) charging paths. By enforcing volt-
age and current limits through hardware-configured control paths rather than runtime
software configuration alone, the framework reduces susceptibility to misconfiguration,
communication faults, and operator errors in multi-voltage charging environments. The
platform operates within a voltage range of 0~120 V and a current range of 0-30 A and is
experimentally validated using real-time monitoring and verification of charging behavior.
The proposed approach is intended to complement higher-level charging management and
coordination frameworks by providing a robust and verifiable execution mechanism for
safety-critical charging operations.

o The design of a charging profile selection system for programmable battery chargers
that integrates CANopen-based vehicle identification and Modbus RTU-based relay
control to enforce CC-CV charging parameters at the hardware level.

e  The implementation of a hardware-enforced charging profile selection mechanism that
significantly reduces the risk of configuration errors and human error when charging
battery systems with different nominal voltage levels.

e  The experimental validation of the proposed system using an electric ATV as a repre-
sentative experimental platform, demonstrating its feasibility, stability, and practical
effectiveness for multi-voltage battery charging applications.

The remainder of this paper is organized as follows. Section 2 describes the overall
system architecture and design principles. Section 3 presents the system implementation
and experimental setup. Section 4 discusses the experimental results. Finally, Section 5
concludes the paper and outlines future work.

2. System Architecture and Hardware Implementation
2.1. Overall System Architecture and Charging Operation

Before describing the detailed architecture, it is important to clarify the design rationale
underlying the proposed charging profile selection system. The system is intentionally
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structured as a layered architecture to separate vehicle identification, supervisory control,
and power enforcement functions, thereby reducing coupling between software decision
logic and safety-critical power control. Relay-based profile selection is adopted to provide
deterministic and physically verifiable routing of charging parameters, ensuring that
predefined voltage and current limits remain enforceable even under communication
delays, software faults, or configuration errors. This design prioritizes robustness and
operational transparency over runtime flexibility, which is particularly advantageous in
heterogeneous fleet environments where predictable charging behavior is essential.

Figure 1 illustrates the overall hardware and communication architecture of the pro-
posed programmable charging system designed for electric vehicles with heterogeneous
battery voltage levels, represented in this work by electric all-terrain vehicles (ATVs). The
system architecture is structured to eliminate manual charger configuration by enabling au-
tomatic battery identification, adaptive constant-current-constant-voltage (CC-CV) charg-
ing profile selection, and integrated data acquisition through coordinated communication,
control, and power subsystems [21-23].

Figure 1. Overall hardware and communication architecture of the proposed automatic charging
system for low-voltage electric vehicles. The architecture integrates vehicle-side identification, super-
visory control, relay-based CC-CV selection, measurement devices, and data acquisition components.
Red and black lines indicate DC power connections; blue and brown lines represent AC supply
wiring; all remaining colored lines denote RS485 communication signals.
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Experimental validation is conducted using NMC battery packs with nominal ratings
of 24V5A,48V5A,60V5A,and 72V 15 A, which are selected as scaled-down repre-
sentative configurations for experimental validation. Although the Delta programmable
charger supports a wide operating range of 0~120 V and 0-30 A, the experiments are inten-
tionally performed at lower current levels to validate the system design, control logic, and
hardware-enforced charging profile selection. The target charging current of approximately
20 A at different voltage levels is therefore considered, and the proposed system is directly
scalable to higher charging current levels supported by the power conversion hardware.

When the charging cable is connected, communication between the electric vehicle
and the charging system is initiated via the CANopen protocol. Each vehicle transmits a
predefined CAN identifier (CAN ID) corresponding to a specific CC~CV charging configu-
ration. CANopen is selected due to its deterministic communication behavior, robustness,
and widespread adoption in industrial control environments [24,25]. This identifier-based
mechanism allows unambiguous battery recognition at the moment of connection without
requiring any operator intervention [26].

Upon reception of the CAN 1D, the charger-side ESP32 module forwards the identifica-
tion data to the redPLC controller via MQTT. The redPLC serves as the primary supervisory
unit, coordinating system initialization, safety supervision, and communication manage-
ment [27]. Higher-level control functions, including NodeRED execution, are enabled only
after the system verifies that all operational and safety conditions are satisfied. This lay-
ered design establishes the redPLC as a supervisory control layer that bridges the charger
hardware with software-based configuration and monitoring functions [28].

Once NodeRED is activated, it subscribes to relevant MQTT topics and processes
the received CAN ID information using dedicated function nodes. The control logic is
explicitly divided into independent branches, each corresponding to a predefined battery
charging configuration. Based on the decoded CAN ID, NodeRED triggers the appropriate
RS-485 relay modules to select one of four fixed CC-CV control boards connected to the
Delta programmable charger. Each board is preconfigured for a specific voltage and current
profile, enabling deterministic and electrically isolated output selection [29,30]. This relay-
based selection mechanism enhances operational reliability and scalability while reducing
the risk of misconfiguration for additional battery configurations in industrial charging
environments [31].

From a safety perspective, the layered control structure ensures that charging oper-
ations are enabled only after successful system initialization and verification of commu-
nication integrity across all subsystems. In the event of communication loss, identifier
mismatch, or abnormal operating conditions, the system remains in a safe state by pre-
venting unintended relay activation and maintaining previously enforced charging limits.
This fail-safe behavior enhances operational reliability and reduces the risk of unintended
profile selection during real-world deployment.

2.2. CANopen-Based Vehicle Identification and CC-CV Selection

Figure 2 illustrates the CANopen-based communication architecture between electric
vehicles and the charging system. Each ATV is equipped with an ESP32-based CANopen
node configured as a transmitter, while the charger-side ESP32 acts as a CANopen receiver.
When the charging cable is connected, the vehicle-side node immediately initiates the
CANopen boot-up sequence and transmits a predefined CAN identifier (CAN ID) that
represents the nominal battery voltage level and the associated CC-CV charging profile [32].

To ensure deterministic and reliable operation in an industrial environment, the
CANopen protocol is adopted due to its well-defined communication objects, node man-
agement mechanisms, and error-handling features [33,34]. After the physical connection is
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Figure 2. CANopen-based communication architecture between electric vehicles and the charging
cabinet. Vehicle-side ESP32 modules transmit predefined CAN identifiers to the charger-side receiver
to enable automatic battery identification and charging profile selection. (Red and black lines indicate
DC power connections; blue and brown lines represent AC supply wiring; green and yellow lines
denote CAN communication signals.)

Once the CAN ID is successfully received and validated, the charger-side ESP32
encapsulates the identification data and forwards it to the redPLC via MQTT. At this
stage, the redPLC performs basic safety checks and state verification before enabling
higher-level control functions. This two-stage validation process (vehicle-side identification
followed by charger-side verification) improves robustness against communication faults
and unintended connections [36].

To guarantee unique and traceable identification, each ESP32 installed on an ATV
uses its embedded chip ID as a root identifier. During system initialization, this chip
ID is mapped to a specific CAN ID corresponding to a predefined charging profile. The
complete mapping between ESP32 chip IDs, CAN identifiers, and battery configurations
is summarized in Table 1. Although the hardware platform supports a wide operating
range of 0120 V and 0-30 A, only four charging profiles are enabled in this prototype
implementation in order to match the experimental validation requirements [37].

Table 1. Mapping between ESP32 chip identifiers, assigned CAN IDs, and corresponding battery
configurations used for automatic vehicle and battery identification.

ESP32 Chip ID Set CANID Battery Configuration
0xF4D1B21AD6BS 0x500 24V5A
0x1CB2F8BDYE7C 0x600 48V5A
OxCOEA9BYEFCO8 0x700 60 VS5 A
0x48BDF1BDIE7C 0x800 72V15A
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From a system integration perspective, this identifier-based approach enables plug-
and-charge functionality. The charging system does not rely on negotiation or manual
parameter input but instead deterministically binds the physical vehicle identity to a specific
hardware-enforced charging configuration. This design choice is particularly suitable
for multi-vehicle environments with heterogeneous battery systems, where operational
simplicity and configuration safety are critical [38].

Although the current implementation uses predefined mappings between device iden-
tifiers and charging profiles, the architecture is designed to support scalable deployment
through configurable identifier registration and modular profile expansion. New vehicle
types or battery configurations can be incorporated by extending identifier mappings
without modifying the underlying enforcement mechanism, thereby preserving system
stability while enabling future growth.

2.3. Fixed CC-CV Configuration Using Relay-Based Hardware Selection

Figure 3 illustrates the relay-based fixed CC-CV control mechanism implemented
in the proposed charging system. Instead of dynamically setting voltage and current
references through software commands alone, each charging profile is realized using a
dedicated CC-CV control board. Each board implements a local control loop that regulates
the output either in constant-current (CC) mode or constant-voltage (CV) mode, depending
on the instantaneous battery voltage [39].

NodeRED/Modbus

C.C./C.V.-Fixed

Figure 3. Relay-based fixed CC-CV charging control mechanism using Modbus RTU over RS-485 com-
munication. Each predefined charging profile is implemented with a dedicated CC-CV control board,
enabling deterministic voltage and current selection. (Red lines indicate current control connections;
purple lines represent voltage control signals; green and blue lines denote DC power connections.)

The use of relay-based hardware selection is motivated by the requirement for de-
terministic isolation between charging configurations and the need to minimize the risk
of unintended parameter switching. Unlike purely software-controlled profile selection,
physical switching provides an additional layer of assurance that only the intended config-
uration is active at any given time. This approach improves traceability and strengthens
confidence in safety-critical charging operations.

In the CC phase, the control loop maintains a constant output current until the battery
voltage reaches the predefined voltage threshold. Once this threshold is reached, the
controller transitions to CV mode and regulates the output voltage while the charging
current gradually decreases. This two-stage CC~CV behavior is widely adopted in lithium-
based battery charging systems due to its simplicity, safety, and effectiveness in preventing
overcharge [40,41].
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In the proposed system, the voltage and current limits of each CC-CV control board
are physically configured using DIP switches. The correspondence between DIP switch
settings and the resulting voltage and current levels is summarized in Table 2, while the
full selectable ranges supported by the control boards are listed in Table 3. By fixing these
parameters at the hardware level, the system ensures that critical charging limits cannot
be modified accidentally or maliciously by software-level commands [42]. This hardware-
level parameter enforcement mechanism effectively eliminates misconfiguration risk and
provides an additional safety layer for multi-voltage battery charging systems.

Table 2. Fixed CC-CV charging configurations selected through DIP switch settings corresponding
to different CAN identifiers.

CAN/CC-CV-Fixed Voltage [V] Ampere [A]
0x500 24V5A 001 000
Ox600 48VS5A 011 000
0x700 60VS5A 100 000
0x800 72V15A 101 010

Table 3. Voltage and current levels of the CC-CV charging profiles evaluated in this study.

N " Voltage/Diff Switch Ampere/Diff Switch
2V 0 5A 000
21V 001
36V 010 10A 001
Select Profile 48V 011
cc-cv 60V 100 15A 010
72V 101
81V 110 20 A 011
100 V 111
25 A 111

The selection among multiple CC-CV boards is performed using Modbus RTU-
controlled relay modules over RS-485. Based on the decoded CAN ID, NodeRED commands
the appropriate relay channel, which physically connects the selected control board to the
Delta programmable charger output. This hardware-level switching mechanism ensures
that only one charging profile can be activated at any given time and provides inherent
electrical isolation between different configurations [43].

Although relay actuation is initiated by software logic, the actual charging parameters
are fully defined by the hardware configuration of the selected CC-CV board. This hybrid
control strategy combines the flexibility of software-based system orchestration with the
determinism and safety of hardware-enforced parameter definition. As a result, the charg-
ing system exhibits predictable and repeatable behavior even in the presence of software
faults or communication disturbances [44].

2.4. Control Logic and Communication via Modbus RTU

In addition to CANopen-based identification and relay-based CC-CV selection, the
proposed system employs Modbus RTU as the primary field-level communication protocol
for control commands and measurement data acquisition. Modbus RTU is selected due
to its simplicity, robustness, and widespread adoption in industrial automation systems,
particularly over the RS-485 physical layer [45,46].
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In the proposed architecture, the redPLC acts as the Modbus master and periodically
polls all connected slave devices according to a predefined scheduling cycle. The slave
devices include RS-485 relay modules for CC-CV board selection and power measurement
instruments for both the AC input side and the DC output side. Each slave device is
assigned a unique slave ID, and its internal registers are mapped to specific control or
measurement functions [47].

The polling cycle is designed to ensure deterministic update intervals for both control
and monitoring functions. Relay actuation commands are transmitted as discrete coil or
register writes, while measurement values are retrieved using holding or input register
reads. This master-slave communication structure avoids bus contention and ensures
predictable timing behavior, which is essential for reliable operation in industrial control
environments [48].

The RS-485 relay modules are configured as Slave ID 1 and Slave ID 2 and are respon-
sible for physically switching the CC-CV control boards. For electrical measurements, a
PZEM-017 module is used to measure DC-side voltage, current, power, and accumulated
energy [49], while a PM2230 power meter is used for AC-side measurements. The complete
Modbus RTU device configuration, including slave IDs and register address ranges, is
summarized in Table 4.

Table 4. Modbus RTU device configuration and addressing scheme used for relay control and
electrical parameter measurement.

Device Type Function Slave 1D Address Range Description
RS-485 Relay Module 1 CC-CV relay control 1 0-8 Contryls CE-CV oand
4 selection
RS-485 Relay Module 2 CC-CV relay control 2 0-8 Comtrgly CC-CV/hord
) selection
PZEM-017 DC measurement 5 0-6 DG:woltage, current, powes,
energy
PM2230 AC measurement 100 2999-3207 S """“3§;“0‘:;'v°“" PoWes

From a system integration perspective, this Modbus-based fieldbus framework pro-
vides a clear separation between high-level supervisory control and low-level device
actuation and sensing, thereby improving modularity, maintainability, and fault isolation.

While the proposed architecture introduces additional switching elements, their im-
pact on overall charging efficiency is minimal due to the low contact resistance of industrial
relay components. The design emphasizes reliable parameter enforcement and operational
safety, with efficiency considerations remaining within acceptable limits for the intended
application domain.

2.5. Data Acquisition, Logging, and Real-Time Visualization

Comprehensive data acquisition and monitoring are integral parts of the proposed
charging system, as they provide both operational visibility and experimental validation
capability. Electrical parameters are continuously measured on both the AC input side and
the DC output side, enabling detailed analysis of power conversion efficiency, charging
dynamics, and system behavior [50].

On the AC side, the PM2230 power meter provides measurements of voltage, current,
active power, and accumulated energy. On the DC side, the PZEM-017 module measures
the output voltage, charging current, instantaneous power, and delivered energy. These
measurements are periodically collected by the redPLC via Modbus RTU and forwarded
to the supervisory software layer [51]. All time-stamped measurement data are stored in
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an InfluxDB time-series database, which is optimized for high-frequency data ingestion
and efficient temporal queries. This data management approach enables both real-time
monitoring and long-term historical analysis. Grafana dashboards are used to visualize
key system variables, including voltage and current trajectories, power flow, and charging
state transitions [52,53]. The visualization environment supports verification of charging
stability, profile selection correctness, and temporal consistency of measured electrical
parameters during experimental operation.

Although the present experimental setup focuses on moderate charging currents, the
same data acquisition and monitoring framework is directly applicable to higher-power
charging systems, such as those required for airport ground service vehicles [54].

3. System Implementation and Experimental Validation

This section describes the system implementation and experimental validation plat-
form of the proposed charging profile selection system. The primary objective is to verify
the functional correctness, determinism, and safety of the identifier-based charging mecha-
nism and the hardware-enforced CC-CV configuration under realistic operating conditions,
rather than to evaluate charging performance metrics. The experimental platform is imple-
mented using a programmable Delta battery charger and multiple low-voltage lithium-ion
battery configurations. An electric all-terrain vehicle (ATV) is employed as a representative
experimental platform to emulate the charging behavior of industrial electric vehicles with
heterogeneous battery systems. This setup enables practical validation while maintaining
general applicability. The experimental implementation is designed to evaluate functional
correctness, deterministic profile selection, and robustness of the hardware-enforced charg-
ing mechanism under representative operating conditions. The focus of this validation is to
confirm reliable coordination between identification, supervisory control, and hardware
parameter enforcement rather than to optimize charging performance metrics.

The system implementation follows the architecture presented in Section 2 and reflects
the actual signal and control flow of the charging process, from vehicle-side parameter
encoding and CANopen-based identifier transmission to charger-side validation, hardware-
level profile enforcement, and electrical parameter acquisition. Charging parameters are
encoded through physical configuration mechanisms and mapped to predefined CANopen
identifiers, enabling deterministic and unambiguous profile selection upon connection.
In addition, supervisory control and field-level communication using Modbus RTU are
integrated to coordinate relay-based profile selection and measurement acquisition, while
preserving strict hardware enforcement of critical charging limits. The following subsec-
tions detail the embedded implementation, control logic, and experimental setup [55,56].

3.1. Embedded System Implementation Using ESP32 and CANopen

The proposed charging system employs ESP32 microcontrollers as embedded control
units on both the vehicle side and the charger side. The ESP32 platformuis selected due to its
integrated CAN controller, sufficient computational capability, and suitability for real-time
industrial communication and control applications. Vehicle~charger communication is
realized using a CANopen-based communication layer operating over the CAN physical
bus [57,58].

On the vehicle side, the ESP32 encodes the battery voltage and current configuration
and transmits this information to the charging system via the CANopen network. During
system initialization, a unique hardware identifier derived from the internal chip ID is
deterministically mapped to a predefined CANopen identifier (CAN ID), where each CAN
ID represents a validated CC-CV charging profile associated with a specific battery configu-
ration. By embedding the charging profile information directly into the CANopen identifier,
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the system enables immediate and unambiguous vehicle and battery identification upon
physical connection, without requiring manual configuration or software-level negotiation.

After the charging parameters are determined, the vehicle-side ESP32 periodically
transmits the selected CANopen identifier and associated data frame over the CAN net-
work. This periodic broadcast ensures that the charger-side controller always receives
a valid and up-to-date identification frame prior to any power-stage activation, thereby
improving robustness against transient communication disturbances. This determinis-
tic and lightweight CANopen-based identification mechanism forms the foundation for
subsequent charger-side validation and hardware-enforced charging profile selection. De-
tailed descriptions of the vehicle-side parameter encoding and CANopen frame packing
procedures are provided in Appendix A1 and Appendix A2, respectively.

3.2. Charger-Side Validation and Hardware-Enforced CC-CV Profile Selection

Upon reception of a valid CANopen identifier (CAN ID) at the charger side, the
proposed system associates the identifier with a predefined constant-current-constant-
voltage (CC~CV) charging configuration. Instead of dynamically generating voltage and
current setpoints through software control, the charging parameters are strictly enforced
using hardware-configured CC-CV control boards. This design choice follows established
hardware-enforced charging principles, which are widely adopted to improve safety and
reliability in battery charging systems [59,60].

Each CC-CV control board implements a local analog control loop that regulates
the charger output either in constant-current (CC) mode or constant-voltage (CV) mode,
depending on the instantaneous battery voltage. The voltage and current limits of each
board are physically preconfigured using DIP switches, as summarized in Tables 2 and 3
in Section 2. As a result, critical charging parameters are constrained at the hardware
level and cannot be altered by software faults, communication errors, or unintended
supervisory commands.

Selection among multiple CC-CV control boards is performed using relay modules
controlled via Modbus RTU communication. Based on the decoded CANopen identifier,
the supervisory controller activates the corresponding relay channel, physically connecting
the selected CC-CV board to the programmable Delta charger output. At any given time,
only one relay path is allowed to be active, which guarantees mutual exclusivity among
charging profiles, prevents conflicting configurations, and provides inherent electrical
isolation between profiles.

During experimental operation, the system behavior was observed to remain stable un-
der normal connection sequences, with charging activation permitted only after successful
identifier validation and relay configuration. Any unexpected communication interruption
results in the system remaining in a non-energized state, consistent with the fail-safe design
principles described in Section 2.

The following simplified equations describe the conceptual CC-CV charging behavior
used to illustrate the control logic rather than a detailed electrochemical battery model.

Once the appropriate CC-CV board is selected, the charging process follows the
conventional CC-CV strategy. During the constant-current phase, the charging current
is regulated to a predefined level Igc, while the battery voltage increases, which can be
expressed as

I(t) = I, for V(t) < Vi (1)
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where I(f) and V{t) denote the instantaneous charging current and battery terminal voltage,
respectively. Under this condition, the voltage rise can be approximated by
dvit) I
e 2]
dt Ceq @
with C,; representing the equivalent battery capacitance.
When the battery voltage reaches the predefined threshold Vy, the control loop
transitions to constant-voltage operation, maintaining

V(t) = Ve, fort > ta 3)

During this phase, the charging current naturally decays according to the battery's
internal characteristics, which can be approximated as

{) > Vr;' = Vm

1
( le

(4)
where Vpoe(t) is the open-circuit voltage and Ry, is the internal resistance of the battery. To
ensure safe termination of the charging process, a cutoff condition is enforced such that

!“J < I"um‘(f 5)

at which point the charger output is disabled. All parameters Icc, Viey, and I, are defined
exclusively by the selected hardware CC-CV board and remain invariant lhl:bughoul the
charging process.

By enforcing charging parameters through CANopen identifier mapping and
hardware-level CC~CV profile selection, the proposed system achieves deterministic charg-
ing behavior, predictable charging trajectories, and enhanced robustness against software
faults or network disturbances. This approach is particularly important in charging sys-
tems supporting heterogeneous battery configurations, where incorrect parameter selection
may lead to unsafe operating conditions, as widely reported in the literature [61]. The
charger-side CANopen frame validation and relay-based profile selection logic are detailed
in Appendix A 3.

3.3. Supervisory Control and Profile Routing Using NodeRED on redPLC

High-level supervisory control is implemented using NodeRED running on the red-
PLC, which serves as the central industrial controller and protocol gateway of the proposed
charging system [62,63]. This supervisory layer decouples low-level CANopen communi-
cation, handled by the ESP32-based embedded controllers, from high-level orchestration,
state management, and system-level supervision executed on the redPLC. Such separation
improves modularity, maintainability, and operational robustness.

At the charger side, a local status display provides real-time visualization of the de-
tected CANopen identifier and the corresponding charging profile parameters, allowing
immediate verification of correct profile selection before and during operation. The imple-
mentation details of this charger-side visualization interface are provided in Appendix A.4.
After successful decoding and validation of the CANopen message, the charger-side con-
troller forwards the extracted identification and associated parameters to the supervisory
layer via the MQTT protocol. The data are formatted as structured JSON messages and
published to predefined MQTT topics subscribed to by the NodeRED-based controller, as
detailed in Appendix A.5.

In addition, the supervisory layer enables synchronized observation of charging states
and communication events, ensuring that profile selection decisions and relay actions
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remain fully traceable during operation. The integration of monitoring and control through
a unified platform simplifies system diagnostics and supports systematic verification
of experimental outcomes. This arrangement also allows seamless correlation between
measured electrical parameters and control events, providing deeper insight into system
behavior under different charging conditions. Such capabilities enhance confidence in the
operational reliability of the proposed architecture and facilitate future extensions toward
larger-scale deployments.

On the supervisory side, NodeRED functions as the central orchestration layer that
receives, parses, normalizes, and dispatches incoming MQTT messages to the appropriate
control logic blocks. A dedicated function node decomposes each received message into a
compact internal representation containing the charging profile identifier, voltage reference,
and current limit. This normalization and parsing process is described in Appendix A 6.
As illustrated in Figure 4, the supervisory control logic routes each validated request
through mutually exclusive logic branches corresponding to predefined charging profiles
(0x500, 0x600, 0x700, and 0x800), ensuring deterministic profile routing through explicit
interlock mechanisms.

Figure 4. Overview of the NodeRED-based supervisory control flow for CAN ID parsing, charging
profile routing, relay actuation via Modbus RTU, and integrated data acquisition and logging.

Once a charging profile is selected, NodeRED issues a predefined sequence of Modbus
RTU commands to configure the relay outputs responsible for CC-CV board selection.
A short intentional delay is introduced to mitigate relay contact bounce, inrush current,
and transient misconfiguration effects. After relay switching is completed, the system
transitions into a stable charging state, enabling the charger power stage. This hybrid
supervisory-hardware control structure preserves flexibility at the supervisory level while
guaranteeing deterministic and fail-safe charging behavior through hardware-enforced
parameter selection.
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3.4. Industrial Communication Infrastructure via Modbus RTU and red PLC

Industrial communication within the charging cabinet is implemented using Modbus
RTU over an RS-485 fieldbus, with the redPLC acting as the central master controller
and protocol gateway [64,65]. All field devices are connected to a common multidrop
bus and addressed using unique slave identifiers, as summarized in Table 4 in Section 2.
This architecture enables deterministic and reliable communication suitable for industrial
charging environments.

In the proposed implementation, two relay control modules are configured as Slave
ID 1 and Slave ID 2, respectively. Both relay modules operate using a serial commu-
nication configuration of 9600 bps baud rate, 8 data bits, no parity, and one stop bit.
These relay modules are responsible for selecting the appropriate CC-CV control board,
thereby directly determining the physical charging path and enforcing hardware-level
charging configuration.

For electrical parameter measurement, a PZEM-017 DC energy meter is configured as
Slave ID 5 and operates using the same serial communication parameters. Additionally,
a PM2230 AC power meter is configured as Slave ID 100 to measure input-side electrical
quantities. The redPLC periodically polls all connected slave devices according to a prede-
fined and deterministic scheduling cycle, issuing write commands to the relay modules
and read commands to the measurement instruments.

This master-slave polling mechanism ensures collision-free bus access, predictable
communication timing, and reliable data acquisition. By employing the redPLC as both
an industrial controller and a protocol gateway, the proposed system supports scalable
integration of additional field devices while maintaining strict real-time operation and de-
terministic system behavior, which are essential requirements for industrial-grade charging
infrastructures [66].

The present experimental validation focuses on demonstrating stable operation and
correct profile enforcement within the tested voltage and current ranges. Extended stress
testing, large-scale fleet deployment evaluation, and long-term reliability assessment are
outside the scope of this study but can be supported in future work due to the modular
architecture of the proposed system.

3.5. Electrical Parameter Acquisition and Data Logging

Electrical parameters are acquired independently from both the AC input side and
the DC output side of the charging system to support operational monitoring and experi-
mental validation [67]. This dual-side measurement architecture enables cross-validation
of electrical data and provides detailed insight into power conversion efficiency, charging
dynamics, and overall system behavior.

On the DC side, voltage, current, instantaneous power, and accumulated energy are
measured directly at the battery interface using a PZEM-017 DC energy meter configured
as Modbus Slave ID 5, as summarized in Table 4 in Section 2. As illustrated in Figure 5, the
redPLC periodically polls the PZEM-017 via Modbus RTU at a fixed sampling interval. The
retrieved register values are parsed and forwarded to the supervisory layer, where they are
processed and stored in a time-series database for subsequent analysis.

Within the supervisory system, the acquired voltage, current, power, and energy
measurements are normalized and time-stamped using dedicated NodeRED function
nodes before being routed to distinct InfluxDB buckets corresponding to each charging
profile (24 V5 A, 48V5A, 60 V5 A, and 72V 15 A). This structured data separation enables
direct performance comparison among different charging configurations and supports
long-term trend analysis of charging behavior and system efficiency.
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Figure 5. NodeRED flow for DC-side measurement acquisition using the PZEM-017 module and
direct data forwarding to the InfluxDB time-series database for real-time monitoring and visualization.

In parallel, on the AC input side, voltage, current, active power, and accumulated
energy are measured using a PM2230 industrial power meter configured as Modbus Slave
ID 100. All AC-side measurement data are continuously logged to support long-term
monitoring of charging sessions, performance evaluation, and cost estimation. Such dual-
side measurements and logging architectures are commonly employed to assess charger
performance and system efficiency under practical operating conditions [68]. The complete
DC-side measurement acquisition and data forwarding pipeline is implemented using the
MQTT and NodeRED-based data path detailed in Appendix A.7.

3.6. Electrical Parameter Acquisition and Data Logging

Real-time monitoring and long-term data management of the charging process are
implemented using a time-series database and dashboard-based visualization architec-
ture [69,70]. In the proposed system, all DC-side measurement data are written directly to
the InfluxDB time-series database without passing through additional middleware layers.
This direct data ingestion approach simplifies the overall data pipeline, reduces system
complexity, and minimizes potential points of failure.

Figure 6 illustrates an example configuration of the Grafana data source connected
to the InfluxDB database. Grafana accesses the database directly using consistent orga-
nization, bucket, and authentication token settings. This configuration enables reliable
continuous streaming of measurement data for real-time visualization while simultaneously
supporting historical data queries for post-process analysis and performance evaluation.
The monitoring environment supports verification of charging stability, correctness of
profile routing, and temporal consistency of measured electrical parameters throughout
the experimental process.

From an architectural perspective, the direct coupling between the measurement layer
and the time-series database establishes a clear separation between the control plane and the
monitoring plane. The control logic responsible for charging profile selection and hardware
actuation operates independently from the data acquisition, storage, and visualization
pipeline. Such separation improves overall system robustness and prevents monitoring-
related software faults from propagating into safety-critical charging operations [71].

Through this architecture, both real-time and historical trends of voltage, current,
power, and accumulated energy can be monitored with high temporal resolution. This
capability supports diagnostic analysis, performance evaluation, anomaly detection, and
long-term experimental observation of the proposed charging system, which are essential
requirements for industrial-grade and safety-oriented charging infrastructures.
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Figure 6. Configuration of the Grafana data source connected to the InfluxDB time-series database
for real-time visualization of DC-side charging parameters, including voltage, current, power, and

accumulated energy.

4. Experimental Results and Performance Evaluation

This section presents the experimental results and system-level performance eval-
uation of the proposed charging architecture implemented on an electric all-terrain
vehicle (ATV) charging system. The experiments are designed to validate the opera-
tional correctness, deterministic behavior, and safety-oriented charging characteristics
enabled by the identifier-driven charging profile selection and hardware-enforced CC-CV
control architecture.

Rather than focusing on maximum power capability, the objective of this experimental
evaluation is to verify the correctness and repeatability of charging behavior under realistic
operating conditions, including automatic battery identification, profile routing, CC-CV
charging transitions, and energy measurement accuracy. The results demonstrate that
the proposed architecture provides a robust and energy-consistent charging framework
suitable for industrial and fleet-oriented electric vehicle applications.

4.1. Experimental Setup and Test Conditions

The experimental validation is conducted using a complete electric ATV charging
system incorporating the hardware and software architecture described in Section 3. The
system consists of ESP32-based CANopen communication units on both the vehicle and
charger sides, a redPLC executing supervisory control logic via NodeRED, hardware-
enforced CC-CV control boards selected through relay actuation, and Modbus RTU-based
measurement and control devices.

On the DC output side, charging voltage, current, instantaneous power, and accumu-
lated energy are measured using a PZEM-017 DC energy meter. On the AC input side,
voltage, current, active power, and energy consumpltion are monitored using a PM2230
industrial power meter. All measurement data are continuously logged to an InfluxDB
time-series database and visualized in real time through Grafana dashboards.

Experiments are performed using an electric ATV equipped with lithium-based battery
configurations corresponding to predefined charging profiles (24 V5 A, 48 V5 A, 60V
5 A, and 72 V 15 A). For each charging session, the vehicle-side controller broadcasts
its CANopen identifier upon physical connection, enabling automatic selection of the
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appropriate charging profile without manual intervention. Each session is recorded from
the initiation of charging until completion of the CC-CV process.

4.2. Verification of Automatic Charging Profile Selection

This experiment verifies the correctness and determinism of the automatic charging
profile selection mechanism based on CANopen identifier detection and supervisory control
routing. When the vehicle is connected, the vehicle-side ESP32 broadcasts a predefined
CANopen identifier representing the associated battery configuration. The charger-side
controller validates the received identifier and forwards it to the supervisory layer for
routing and actuation.

Figure 7 illustrates the runtime execution of the NodeRED-based supervisory control
flow during a representative charging session. The detected CANopen identifier activates
exactly one charging profile branch corresponding to the assigned configuration, while all
other branches remain inactive. This mutually exclusive routing behavior ensures that only
one CC-CV charging path is enabled at any given time.
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Figure 7. Runtime screenshot of the NodeRED supervisory control flow showing CAN ID-based
routing and mutually exclusive charging profile selection. The highlighted path and debug messages
confirm that the system correctly activates the charging profile corresponding to the detected battery
configuration (CAN ID 0x800 in this example).

Alfter profile selection, the supervisory controller issues a deterministic sequence
of Modbus RTU commands to configure the relay outputs, physically connecting the
appropriate CC-CV control board to the charger output. No incorrect profile activation,
ambiguous routing, or conflicting relay states were observed throughout repeated plug-in
and unplug cycles, confirming reliable and repeatable automatic charging profile selection.
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4.3. Real-Time CC-CV Charging Behavior and Visualization

Figures & and ¢ present the real-time charging behavior of the proposed system under
a representative 72 V 15 A charging configuration, visualized using the native InfluxDB
query interface and the Grafana dashboard, respectively. This charging profile is selected
as the representative case because it clearly demonstrates the complete constant-current to
constant-voltage (CC~CV) transition under stable operating conditions.

s g 0 53000 0 0% NP — [Py e

Figure 8. Real-time voltage and current data of the 72 V 15 A charging profile visualized directly
using the native InfluxDB query interface. The purple curve represents the battery terminal voltage,
while the blue curve denotes the charging current. Although the data are accurately recorded, the
visualization is mainly intended for data inspection rather than operator-oriented monitoring.

Figure 9. Real-time CC-CV charging profile of the 72 V, 15 A NMC configuration visualized using
Grafana. The upper plots show the voltage evolution, while the lower plots show the current behavior.
The transition from constant-current (CC) to constant-voltage (CV) operation is clearly observable.

Figure 8 shows the voltage and current waveforms plotted directly from the InfluxDB
time-series database. Although this interface provides accurate and comprehensive access
to the recorded measurement data, it is primarily designed for data inspection and historical
querying rather than intuitive real-time operational monitoring.

Figure Y illustrates the same charging session visualized using the Grafana dashboard.
The upper plots show the battery terminal voltage, while the lower plots depict the charging
current. The transition from constant-current (CC) mode to constant-voltage (CV) mode
is clearly observable, confirming that the charging process follows the intended CC-CV
charging trajectory.
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From the charging behavior shown in Figure Y, the system initially operates in constant-
current (CC) mode, regulating the output current at approximately 15 A while the battery
voltage increases steadily. Once the voltage reaches the predefined threshold of approxi-
mately 78.5 V, the control mode transitions to constant voltage (CV). During this phase, the
battery voltage remains nearly constant while the charging current gradually decreases,
which is characteristic of lithium-based battery charging processes.

The smooth and stable CC-CV transition confirms the correctness of the hardware-
enforced charging control strategy and demonstrates the stability of both voltage and
current regulation loops. The absence of voltage overshoot, current oscillation, or abrupt
mode switching indicates effective loop design and reliable hardware-level enforcement of
charging parameters, which are critical for battery safety and long-term reliability.

Although only the 72 V 15 A charging profile is presented in the main text as the
representative case, experimental results for the remaining configurations (24 V5 A, 48 V
5 A, and 60 V 5 A) exhibit the same CC-CV characteristics. Additional real-time dashboard
visualizations for these charging configurations are provided in Appendix B to demonstrate
the generality of the proposed architecture across different voltage and current levels.

Voltage deviations remained within +2%, while current deviations were within £5%
during steady-state operation. The deviation values were computed by comparing steady-
state measurements recorded in InfluxDB against the predefined CC-CV reference settings
over multiple charging sessions.

4.4. Power and Energy Analysis and Charging Session Logging

To evaluate energy transfer behavior and charging efficiency, instantaneous power

and accumulated energy are analyzed using the time-series data collected during charging

sessions. Figure 10 presents the real-time charging power and cumulative energy profiles
visualized through the Grafana dashboard for the 72 V/15 A charging configuration.
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Figure 10. Power & Energy Dashboard (Grafana, 72 V 15 A).

The instantaneous power profile reflects the expected behavior of CC-CV charging,
with higher power during the CC phase followed by a gradual decrease during the CV
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phase. The accumulated energy curve increases monotonically throughout the charging
session, confirming consistent energy transfer from the charger to the battery.

Figure 11 provides an example of the energy history and session-level logging ex-
tracted from the time-series database. These results demonstrate that the proposed system
not only enforces charging parameters at the hardware level but also provides accurate and
continuous measurement of energy delivery, which is essential for performance evaluation,
traceability, and energy accounting.

8 c 0 3 ¥ 4] N
Votage[V]  Current(A] | Power W]  Energy(kWh]  TOUType  Rate[THB] = Cost{THB] |

0 0 0 8206 idle 0 0
21272 5233 094 821 On-peak 5135 0
2127 5228 094 8219 On-peak 51135 0
21289 5234 094 8228 On-peak 51135 0
21262 5262 095 8231 On-peak 51135 0
21273 5267 095 825 On-peak 51135 0
21261 5280 085 8259 On-peak 51135 0
2126 5295 096 827 On-peak 51135 0
21241 5306 096 8279 On-peak 5135 0
21248 5326 096 8297 On-peak 51135 0
21256 5334 096 8307 On-peak 51135 0
21264 5339 097 8315 On-peak 51135 0
21323 4770 08§ 8320 On-peak 51135 0
21367 4366 079 88U On-peak 51135 0
21424 4008 072 8351 On-peak 51135 0

Figure 11. An example of the energy history (72 V 15 A).

4.5. Summary of Experimental Results and Practical Implications

The experimental results confirm that the proposed charging architecture achieves
reliable automatic battery identification, deterministic charging profile selection, and stable
CC-CV charging behavior across multiple battery configurations. The integration of
CANopen-based identification, hardware-enforced CC-CV control, supervisory routing,
and real-time measurement ensures that unsafe or conflicting charging configurations are
structurally prevented.

From an energy-system perspective, the proposed architecture provides a clear sepa-
ration between supervisory logic and safety-critical charging enforcement, ensuring that
voltage and current limits are physically constrained by hardware rather than software
logic alone. This approach significantly reduces the risk of misconfiguration, human error,
and unintended charging behavior in environments where multiple battery types and
voltage levels coexist.

Overall, the experimental validation demonstrates that the proposed system offers a
robust and energy-consistent charging solution suitable for industrial electric vehicles, fleet
charging environments, and other safety-critical charging infrastructures where determinis-
tic behavior, repeatability, and accurate energy monitoring are essential.

No abnormal interruptions or unintended profile activations were observed during the
experimental sessions, confirming stable operation. Future work will include long-duration
testing and higher power validation to further assess system scalability.

4.6. System-Level Implications and Comparison with OCPP-Based Charging Archilectures

Table 5 summarizes the key differences between the proposed identifier-driven,
hardware-enforced charging architecture and conventional OCPP-based charging systems.
While OCPP-based solutions primarily emphasize interoperability, backend coordination,
and software-defined charging management, the proposed approach focuses on determinis-

https:/ /doi.org/10.3390/en19051310




123

Energies 2026, 19, 1310 2lof M4

tic enforcement of voltage and current limits at the physical power interface. By embedding
charging profile selection into CANopen identifiers and binding them to relay-selected
CC-CV control boards, safety-critical charging parameters are guaranteed by hardware
rather than network-dependent software control. This complementary architectural dis-
tinction is particularly relevant for industrial and fleet charging environments requiring
reliable operation under heterogeneous battery configurations and stringent safety con-

straints [72-76]. The comparison highlights architectural trade-offs rather than performance
superiority claims.

Table 5. Detailed Comparison between OCPP-Based Charging Architectures and the Proposed

Hardware-Enforced Charging Framework.

Conventional OCPP-Based Charging

Aspect Architectures

Proposed Identifier-Driven
Hardware-Enforced Architecture

Operates primarily at the application and
backend layers, focusing on charging
session control, billing, authorization, and
interoperability between charging stations
and central management systems via
[P-based communication.

System Layer Focus

Charging profiles are dynamically
generated, negotiated, or updated via
backend software and transmitted over

network protocols (e.g., OCPP JSON

messages).

Charging Profile Definition

Operates at the execution and
power-interface layer, focusing on
deterministic enforcement of voltage and
current limits directly at the charger
hardware.

Charging profiles are predefined,
physically configured, and selected via
CANopen identifiers mapped to
relay-selected CC-CV control boards.

Voltage and current constraints are
enforced by software commands
interpreted by the charger controller,
making correct behavior dependent on
communication integrity and firmware

correctness.

Parameter Enforcement

OCPP enables coordination, monitoring,
and management but does not directly
constrain the power electronics behavior
at the physical interface.

Role of Communication
Protocols

Safety depends on correct backend
configuration, protocol compliance, and
cybersecurity measures; misconfiguration
or communication failure may propagate

to the charging process.

Safety-Critical Behavior

Typically relies on backend databases and
software logic to associate vehicle types
with charging profiles.

Handling of
Heterogeneous Batteries

Validation commonly focuses on

Experimental Validation _ interoperability, protocol compliance, and

Emphasis smart charging logic rather than physical
CC-CV behavior.
Software or network failures may affect
Failure Mode Isolation charging correctness if not properly

mitigated.

Voltage and current constraints are
enforced at the hardware level by
preconfigured CC-CV boards,
independent of software state or network
availability.

CANopen identifiers act as deterministic
selectors, while Modbus RTU performs
physical routing and actuation without

modifying charging parameters.

Safety is guaranteed by design through
hardware-level interlocking, preventing
unsafe or conflicting charging
configurations regardless of software
faults.

Vehicle-side identifiers directly encode
battery configuration, enabling immediate
and unambiguous profile selection upon
physical connection.
Validationemphasizes real-time voltage,
current, power, and energy measurements,
demonstrating stable CC-CV transitions
and deterministic charging trajectories.

Hardware-enforced constraints isolate
failure modes, preventing unsafe charging
even under communication or
supervisory control failures.
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In addition, the proposed architecture reduces reliance on continuous network con-
nectivity and backend decision-making during active charging, thereby mitigating risks
associated with communication delays, packet loss, or cybersecurity incidents that could
otherwise affect software-controlled systems. The hardware-level binding between vehicle
identification and charging configuration establishes a deterministic execution path, en-
suring that voltage and current limits remain enforced regardless of supervisory network
conditions. This characteristic is particularly beneficial in industrial environments where
charging operations must continue safely under intermittent connectivity or degraded
communication scenarios [72-76]. Furthermore, by separating high-level monitoring from
low-level enforcement, the system maintains operational safety even if supervisory services
experience temporary interruptions, since critical constraints are governed locally at the
power interface. The explicit mapping between CANopen identifiers and relay-selected
CC-CV boards also improves traceability and auditability of charging events, facilitat-
ing root-cause analysis and compliance verification in regulated deployments. From a
system assurance perspective, enforcing limits through fixed hardware configurations
simplifies validation and reduces the risk of unintended parameter changes introduced by
software updates or configuration errors. While OCPP-based platforms provide flexibility
for large-scale network coordination, billing integration, and remote management, the
proposed approach prioritizes predictable behavior, fail-safe operation, and robustness
against operational uncertainties. This architectural emphasis is especially relevant for
fleet and industrial applications where heterogeneous battery systems coexist and strict
safety margins must be preserved. Consequently, the comparison underscores complemen-
tary design philosophies, highlighting how hardware-enforced control can coexist with
higher-level coordination frameworks to achieve both safety and operational efficiency in
practical deployments.

Unlike OCPP-based architectures that primarily address interoperability and backend
coordination, the proposed system introduces a hardware-enforced execution layer where
charging safety, correctness, and determinism are guaranteed at the physical power inter-
face. This complementary design is particularly suitable for industrial and fleet charging
infrastructures where heterogeneous battery configurations, unattended operation, and
strict safety requirements are critical.

5. Conclusions and Future Work

This study presented an identifier-driven and hardware-enforced charging architec-
ture designed to ensure safe, deterministic, and energy-consistent operation for electric
vehicles with heterogeneous battery configurations. By binding CANopen-based vehicle
identification directly to relay-selected fixed CC-CV charging paths, the proposed system
enforces voltage and current limits at the physical power interface rather than through
software-defined negotiation. Experimental validation demonstrated stable CC-CV charg-
ing behavior, smooth current-voltage transitions, accurate electrical parameter acquisition,
and reliable energy logging across multiple voltage levels. Froman energy systems perspec-
tive, this approach structurally prevents unsafe power transfer, minimizes configuration-
induced losses or instability, and provides a robust charging framework well suited for
industrial, fleet-based, and safety-critical electric vehicle applications where repeatability
and correctness of energy delivery are paramount.

While the experimental validation demonstrates stable and deterministic operation un-
der representative conditions, the current study is conducted at moderate power levels and
on a prototype-scale deployment. Further validation under higher power ratings and large-
scale multi-charger environments remains an important direction for future investigation.
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Looking forward, the proposed architecture provides a scalable foundation for fu-
ture energy-oriented charging infrastructures. Ongoing and future work will focus on
extending the system to higher power levels and broader battery voltage ranges while
preserving hardware-level enforcement of energy constraints. Further integration with
battery management systems will enable health-aware and energy-optimized charging
strategies, while advanced analysis of time-series power and energy data will support long-
term performance assessment, degradation monitoring, and system-level optimization.
These developments aim to position the proposed charging framework as a practical and
extensible execution layer for next-generation energy-aware charging systems in connected,
autonomous, and industrial electric vehicle ecosystems.
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Appendix A. Vehicle-Charger CANopen Communication Layer

This appendix provides implementation-level details to support reproducibility and
to clarify how deterministic profile selectionand hardware-enforced safety mechanisms
are realized in practice. The included code excerpts illustrate representative configura-
tion, communication, and validation logic used during experimental validation, while
the charging behavior itself remains governed by hardware constraints described in the
main manuscript.
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Looking forward, the proposed architecture provides a scalable foundation for fu-
ture energy-oriented charging infrastructures. Ongoing and future work will focus on
extending the system to higher power levels and broader battery voltage ranges while
preserving hardware-level enforcement of energy constraints. Further integration with
battery management systems will enable health-aware and energy-optimized charging
strategies, while advanced analysis of time-series power and energy data will support long-
term performance assessment, degradation monitoring, and system-level optimization.
These developments aim to position the proposed charging framework as a practical and
extensible execution layer for next-generation energy-aware charging systems in connected,
autonomous, and industrial electric vehicle ecosystems.
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Appendix A.1. Vehicle-Side Configuration Encoding and CANopen Identification

On the vehicle side, the ESP32-based embedded node is responsible for encoding
the battery configuration parameters and transmitting the corresponding identification
information to the charging cabinet via the CANopen communication layer over the CAN
bus. The nominal battery voltage and current limits are selected using physical DIP
switch settings and mapped to predefined discrete levels. This hardware-based parameter
selection mechanism ensures that only validated and predefined charging profiles can be
generated, eliminating software ambiguity and reducing the risk of misconfiguration in
automated charging environments. No runtime voltage or current parameters are written
or negotiated over the communication interface.

Each vehicle is uniquely identified by a predefined CANopen identifier (CAN ID),
which is automatically assigned by the ESP32 controller during system initialization based
on its internal chip identifier. In the present implementation, four CANopen identifiers
(0x500, 0x600, 0x700, and 0x800) are used to represent different vehicle or battery config-
urations. This identifier is subsequently used by the charger-side supervisory system to
select the corresponding charging profile. The CANopen identifier serves solely as a profile
selector rather than a command-based parameter update mechanism.

By binding the battery configuration and charging profile information to a hardware-
defined CANopen identifier, the proposed approach enables immediate and unambiguous
vehicle and battery identification upon physical connection, without requiring any man-
ual software configuration or negotiation process. This design choice enhances safety,
repeatability, and deterministic behavior, and is particularly suitable for unattended and
automated operation in connected charging infrastructures. The presented configuration
logic reflects the experimental prototype and is intended to demonstrate the feasibility
of identifier-based parameter enforcement rather than prescribe a production-ready im-
plementation. Additional validation layers, such as redundancy checks and extended
diagnostics, can be incorporated in larger-scale deployments.

Box Al. Presents the vehicle-side logic used to encode the predefined voltage and current settings
into a CANopen identifier based on the physical configuration.

#define S125

#define 52 26

#define S3 27

#define 54 14

#define S5 12

#define S6 13

int readVoltageSetting() |

int bl = digitalRead(S1);

int b2 = digitalRead(S2);

int b3 = digitalRead(S3);

intval = (bl <<2) | (b2<<1) | b3;
switch (val) [

case ObX0: return 12;

case Ob0¥01: return 24;

case Ob010: return 36;

case Ob011: return 48;

case 0b100; return 60;

case 0b101: return 72;

case Ob110: return 84;

case Ob111: return 100;

default: return - 1;

|
]
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Box A1l. Cont.

int readCurrentSetting() |

int b4 = digitalRead(54);

int b5 = digitalRead(S5);

int bé = digitalRead(S6);

intval = (b4 <<2) | (b5<<1) | bé;
switch (val) |

case Ob000: return 5;

case Ob001: return 10;

case Ob010: return 15;

case Ob011: return 20;

case 0b100: return 25;

default: return - 1;

|
|
// CANopen ID assignment based on ESP32 chip ID

uint6d_t chiplD; uint32_t can_id; chiplD = ESP.getEfuseMac();
if (chiplD == 0xF4D1B21 AD6BS) {

can_id = Ox500;

| else if (chipID == Ox1CB2FSBDIE7C) |

can_id = Ox600;

] else if (chiplD == OxCOEA9BIEFOCS) |

can_id = 0x700;

| else if (chiplD == 0x48BDF1BDYE7C) {

can_id = Ox800;

] else |

can_id = Ox000;

|

Appendix A.2. Vehicle-Side CANopen Frame Packing and Transmission

After determining the voltage and current configuration, the vehicle-side ESP32 pack-
ages the selected charging profile information into a fixed-format CANopen data frame.
The CANopen identifier is used as the primary means of vehicle and battery identification,
while the data payload provides additional consistency information for charger-side val-
idation. These values are not interpreted as runtime control commands but are used for
identification consistency and validation purposes only.

The CANopen frame is transmitted periodically using the ESP32 TWAI (Two-Wire Au-
tomotive Interface) over the CAN physical layer at a bit rate of 125 kbps. This lightweight
and deterministic communication mechanism ensures that the charger-side controller
always receives a valid and up-to-date identification frame prior to any power-stage activa-
tion. Periodic broadcasting, rather than event-driven transmission, improves robustness
against transient communication disturbances and guarantees predictable system behavior
during automated charging operations.

The use of fixed-format frame packing and periodic transmission aligns with the deter-
ministic design philosophy of the proposed charging system, where charging parameters
are strictly enforced at the hardware level and communication is used solely for identi-
fication and verification. This approach is particularly important in connected charging
infrastructures, where reliable and unambiguous identification is a prerequisite for safe
and unattended operation.
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Box A2, Illustrates the low-level CANopen frame packing and periodic transmission procedure
implemented on the vehicle-side controller.

float voltage = (float)readVoltageSetting();
float current = (float)readCurrentSetting();

twai_message_t tx_message;
tx_message.identifier = can_id;
tx_message.extd = 1;
tx_message.rtr = ();
tx_message.data_length_code = 8;

/ / Pack voltage and current into CANopen payload
memcpy(&tx_message.data[0], &voltage, 4);
memcpy(&tx_message.data[4], &current, 4);

// Transmit CANopen frame

if (twai_transmit{&tx_message, pdMS_TO_TICKS(100)) == ESP_OK) {
Serial.print(“Sent CAN ID: “);

Serial.printin(can_id, HEX);

|

Appendix A.3. Charger-Side CANopen Reception and Identifier Validation

On the charger side, an ESP32-based CANopen interface continuously monitors the
CAN bus and receives incoming frames transmitted by the vehicle-side controller. Each
received frame is subjected to an initial validation process that checks both the payload
length and the CANopen identifier. Only messages with a valid data format and one of the
predefined CANopen identifiers corresponding to supported charging profiles are accepted
for further processing.

Upon successful reception, the CANopen identifier is used to confirm the selected
charging profile prior to any hardware-level action. Payload information contained in
the received frame is parsed solely for identification consistency checking and charger-
side validation purposes. These values are not used to dynamically configure charging
parameters, which remain strictly enforced by the selected hardware CC-CV control board.

Any CANopen frame that does not satisfy the validation criteria is immediately
discarded, and the charger output remains inhibited. This fail-safe filtering mechanism pre-
vents unintended or unsafe charging operations and ensures that only explicitly authorized
messages can propagate to the hardware selection and control layers.

The charger-side CANopen reception and validation logic is implemented in embed-
ded firmware on the ESP32 controller. Box A3 provides the corresponding implementation
code that realizes the identifier validation, payload checking, and fail-safe filtering mecha-
nisms described above. The source code is included for completeness and reproducibility,
while the charging behavior itself remains governed by hardware-enforced CC-CV con-
straints. The validation routine is designed to ensure that only correctly formatted and
explicitly recognized messages are accepted, thereby preventing unintended activation of
charging configurations due to corrupted frames or communication disturbances. This
behavior supports fail-safe operation under realistic industrial communication conditions.

Box A3. Presents the charger-side CANopen frame reception and identifier validation logic imple-
mented in the ESP32 firmware.

twai_message_t IX_message;
float rx_voltage, rx_ampere;
uint32_trx_id = (;

bool dataReceived = false;

https:/ /doi.org /10.3390/en 19051310




130

Energies 2026, 19, 1310

27of 34

Box A3. Cont.

if (twai_receive(&rx_message, pdMS_TO_TICKS(100)) == ESP_OK) [

rx_id = rx_message.identifier;

if (rx_message.data_length_code == 8) |

if (rx_id == 0x500 | | rx_id == 0x600 | | rx_id == 0x700 | | rx_id == 0x800)
memcpy(&rx_voltage, &rx_message.data[0], 4);

memcpy(&rx_ampere, &rx_message.data[4], 4);

dataReceived = true;

| else |

dataReceived = false;

]
|
|

Appendix A4. Charger-Side Status Display for CANopen-Based Vehicle Identification and
Charging Parameter Monitoring

To facilitate system commissioning, debugging, and on-site verification, a local status
display is implemented on the charger-side controller. This display provides real-time
visualization of the detected CANopen identifier and the corresponding charging profile
parameters, allowing operators and engineers to immediately verify correct profile selection
prior to and during charging operation.

Specifically, the display presents the following information:
e The detected CANopen identifier (CAN ID) of the connected vehicle;
e The target charging voltage corresponding to the selected profile;
o The target or measured charging current associated with the active CC-CV configuration.

This human-machine interface serves as a lightweight diagnostic and monitoring
tool during system setup, maintenance, and troubleshooting. By providing immediate
visual confirmation of identifier-based profile selection, the display enhances operational
confidence and supports verification that the CANopen-based identification and routing
mechanism is functioning correctly before hardware-level enforcement and throughout the
charging process.

Box A4. Shows an example implementation of the charger-side display update routine using an
SSD1306 OLED module.

/ /—(.:lear_display ana;pa;?(_)r update o

display.clearDisplay(); // Clear screen
display.setTextSize(1); /7 Set text size
display.setTextColor(SSD1306_WHITE);
display.setCursor{0), 0); / / Set cursor to top left
// Display CAN ID

display.print(“CAN ID: “);

display.println(can_id, HEX);

// Display voltage reference
display.print(“Voltage V: *);
display.printin{rx_voltage);

/ / Display current reference
display.print(“Ampere A: “);
display.printin{rx_ampere);

// Update display

display.display();

// Small delay for display refresh stability

delay(50);
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Appendix A.5. Charger-Side MQTT Forwarding of CANopen Identification and Charging Paramelers

After successful decoding and validation of the CANopen message at the charger
side, the extracted identification and associated charging parameters are forwarded to the
supervisory control system using the MQTT protocol. The data are formatted as a structured
JSON object containing the CANopen identifier, voltage reference, and current limit.

The formatted message is published to a predefined MQTT topic subscribed to by
the NodeRED-based supervisory controller. This forwarding mechanism enables real-time
supervisory monitoring and deterministic profile routing while preserving a clear separa-
tion between the low-level CANopen communication layer and the high-level supervisory
control logic.

By decoupling charger-side embedded firmware from supervisory logic, the proposed
architecture improves modularity and allows the control strategy to be extended or mod-
ified at the supervisory level without requiring firmware changes on the charger-side
microcontroller. Due to space limitations, only the core functional components of the
MQTT forwarding logic are presented.

Box AS5. Illustrates the charger-side MQTT forwarding logic used to publish validated CANopen
identification and charging parameters.

if (dataReceived) [

String payload = “|";

payload += “\“can_id "\ "0x” ¢ String(rx_id, HEX) + “\",";
payload += “\ “voltage\":" + String(rx_voltage) + “,";
payload += "\ “current":" 4 String(rx_ampere);

payload 4= “}";

if (client.publish(mqtt_topic, payload.c_str())) {
Serial.printin(“MQTT message sent: “ + payload);
| else {

Serial.printin(“Failed to send MQTT message”); |
|

Appendix A.6. Supervisory-Side CANopen Message Parsing and Normalization in NodeRED

After the charger-side controller forwards the decoded CANopen data to the supervi-
sory system via MQTT, NodeRED operates as the central orchestration layer responsible
for receiving, parsing, and dispatching incoming messages to the appropriate control logic
blocks. The received MQTT message is formatted as a JSON object containing three pri-
mary fields: the CANopen identifier (CAN ID), the requested voltage reference, and the
requested current limit.

To simplify downstream processing and ensure deterministic routing, a dedicated
NodeRED function node—referred to as the Receive ID node—is used to normalize the
incoming message payload. This node extracts the relevant fields from the JSON object and
maps them into a compact internal representation consisting of three variables:

e x: CANopen identifier (profile selector);
e y:requested voltage reference;
e 2z requested current limit.

This normalized representation allows subsequent supervisory logic to remain inde-
pendent of the original MQTT message format and enables the same processing pipeline to
be reused across multiple charging profiles and multiple vehicles. Importantly, this parsing
and normalization process does not modify charging parameters; it serves solely to support
deterministic profile routing, validation, and supervisory coordination.
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Box A6. Shows the NodeRED function node implementation for CANopen message parsing
and normalization.

msg.payload = |

x: msg.payload.can_id,
y: msg.payload.voltage,
z: msg.payload.current
l;

return msg;

Appendix A.7. Charging Profile Selection and Relay Actuation via Modbus RTU

After the MQTT message has been received and decomposed into internal variables
(x,,z), as described in Section 3.3, the supervisory control layer selects the appropriate
charging profile and initiates hardware configuration of the charger. This process is imple-
mented in NodeRED by combining identifier-based routing logic with Modbus RTU-based
relay actuation.

Specifically, the supervisory variable msg.payload.x, which represents the CANopen
identifier of the connected vehicle, is evaluated by a set of dedicated function nodes corre-
sponding to predefined charging profiles (0x500, 0x600, 0x700, and 0x800). Each function
node performs a strict equality check. If the received CANopen identifier matches the
assigned profile, the function output is asserted; otherwise, the message is discarded. This
routing mechanism enforces mutual exclusivity among charging profiles and guarantees
that only one charging configuration can be active at any given time.

Once a valid charging profile is selected, the corresponding trigger signal is forwarded
to a predefined sequence of Modbus RTU write nodes that control the RS-485 relay modules.
These relays are responsible for physically connecting the selected CC-CV control board
and associated voltage and current configuration inside the charger. A short intentional
delay (5 s) is introduced between relay actuation steps to mitigate inrush current, con-
tact arcing, and transient instability during switching. The relay activation sequence is
intentionally serialized and guarded by logical checks to avoid simultaneous switching or
transient misconfiguration. This sequencing strategy reduces electrical stress and improves
operational reliability during repeated profile transitions.

Through this mechanism, the system enforces hardware-level interlocking, ensuring
that incorrect or conflicting charging configurations cannot be activated simultaneously. As
a result, the abstract software-level selection of a charging profile based on the CANopen
identifier is deterministically translated into a concrete hardware configuration via Modbus
RTU. After relay actuation is completed, the system enters a stable charging state and
proceeds with the measurement and monitoring phase of the charging process.

Box A7. Shows an example NodeRED routing function for the charging profile corresponding to
CANopen identifier 0x500.

let can = msg.payload.x;

if (can == “0x500") [ // Change (0x600, 0x700, 0x800)
msg.payload = 1;  // trigger signal Relay-RS485
return msg;

|
// 1not 0x500, block this path
return null;
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Appendix B

In the main body of this paper, the experimental results focus on the 72 V 15 A
charging configuration as a representative operating condition, where the charging behavior
is visualized using a Grafana-based monitoring platform. To further demonstrate the
generality and scalability of the proposed charging architecture, three additional charging
configurations with different voltage and current ratings were evaluated using the same
measurement, logging, and visualization pipeline based on InfluxDB and Grafana.

Figures A1-A3 present the Grafana-based time-series visualizations of voltage and
current for the 24 V5 A, 48 V5 A, and 60 V 5 A charging systems, respectively. In all cases,
the charging process consistently follows the expected constant-current-constant-voltage
(CC-CV) profile. During the initial stage, the charging current remains approximately
constant while the battery voltage gradually increases (CC mode). After the target voltage is
reached, the system transitions smoothly to constant-voltage (CV) operation, during which
the voltage is regulated and the charging current decreases progressively as the battery
approaches full charge. These results confirm that the proposed CANopen-NodeRED-
Modbus-InfluxDB-Grafana-based platform can be directly reused across different battery
configurations without modification of the core control logic, while maintaining consistent
energy monitoring and visualization behavior. These additional experiments demonstrate
consistent behavior of the proposed architecture across multiple battery configurations,
supporting its applicability beyond the representative case discussed in the main text.

Figure Al. Grafana-based time-series visualization of voltage and current during the charging
process for the 24 V 5 A configuration. The red dashed vertical line indicates the transition point from
constant-current (CC) mode to constant-voltage (CV) mode.
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Figure A2. Grafana-based time-series visualization of voltage and current during the charging
process for the 48 V 5 A configuration. The red dashed vertical line indicates the transition point from
constant-current (CC) mode to constant-voltage (CV) mode.
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Figure A3. Grafana-based time-series visualization of voltage and current during the charging
process for the 60 V 5 A configuration. The red dashed vertical line indicates the transition point from
constantscurrent (CC) mode to constant-voltage (CV) mode.
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N15619A1 Plateform IO 984 Visual Studio Code
[env:esp32doit-devkit-v1] // fuua Environment d1msuuesn ESP32
platform = espressif32 // \@onuwannesu ESP32 wa3 Espressif

board = esp32doit-devkitvl  // szysuveiniiliau

framework = arduino // 14 Arduino Framework Tunswamnlusunsu
monitor_speed = 115200 // fimua Baud rate @1%¥U Serial Monitor 1¥nA1 Debug
upload_speed = 115200 // fmuanuslunssuianlusunsuasusse
upload_port = COM4 // seynesafidouredy ESP32
lib_deps = // fvun Library fifiesdindasiaiy

adafruit/Adafruit SSD1306 // Library éw3uaiuAuae OLED SSD1306

adafruit/Adafruit GFX Library  // Library dvsusansuansniln
knolleary/PubSubClient // Library dwsudeans MQTT

uinté4_t chiplb;  // fwUsiiuvanea Chip ID v99 ESP32
uint32_tcan id;  // fuUsinuranetay CAN ID
Y/ AT (TR //
void setup() {
// 81 Chip ID dtefviun CAN ID Tumadentdsindnisusa
chipID = ESP.getEfuseMac();  Serial.print("Chip ID: ");  Serial.printin(chipID, HEX);
// a51adau Chip ID Wierviuanineian CAN ID iedszsnaedusindnisvisa

if (chipID == OxF4D1B21AD6B8) {

can_id = 0x500;

} else if (chipID == 0x1CB2F8BDIETC) {
can_id = 0x600;

} else if (chiplD == 0xCOE4BO9EFCO8) {
can_id = 0x700;

} else if (chiplD == 0x48BFD1BDIE7C) {
can_id = 0x800;

}else {

can_id = 0x000; // nsilainu Chip ID fifvua

} }

/A DIUAILIIFUIIN Dip Switch - //
int readVoltageSetting() {

int b1 = digitalRead(S1); // 81udauzaIng S1

int b2 = digitalRead(S2); // 8 uanUzaEInG S2

int b3 = digitalRead(S3); // 8uanUzaEInG S3
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// 53AUn97n Dip Switch
int val = (b1 << 2) | (b2 << 1) | b3;
// AAUAATLTIAUAINFIAUIEINT

switch (val) {
case 0b000: return 12; case 0b001: return 24;
case 0b010: return 36; case 0b011: return 48;
case 0b100: return 60; case 0b101: return 72;
case 0b110: return 84; case Ob111: return 100;

default: return -1;  // nselenuanlaile

int readCurrentSetting() {

int b4 = digitalRead(S4); // 9 udnUzEING SA

int b5 = digitalRead(S5); // 9auan 1UZaEING S5

int b6 = digitalRead(S6); // ®uan1ULEINT S6

// $3A1Un3N Dip Switch

int val = (b4 << 2) | (b5 << 1) | b6;

// fNUAAINSZUERINAUILINEINT

switch (val) {
case 0b000: return 5; case 0b001: return 10;
case 0b010: return 15;  case 0b011: return 20;

case 0b100: return 25;  default: return -1; // nseianuanlsle

/R N15e9A CAN ID_AaeluslnAoa CANopen ==L //
float voltage = 0.00; // fuUsSudufiuduseuliiin

float current = 0.00; // fudsiSudutiuanssualnii
void loop() {
twai_message_t tx_message;

tx_message.identifier = can _id; // fvua CAN 1D

tx_message.extd = 1; // 1% Extended ID 911¢ 29-bit CAN ID

tx_message.rtr = 0; // dslayauuuung (Data Frame)
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tx_message.data_length code = 8; // Eiﬂ‘i’fayjaﬁm’m 8 Byte

ff e JonAudeyand Data ——— //
memcpy(&tx_message.data[0], &voltage, 4); // fiuausasu (Voltage) 4 Tud
memcpy(&tx_message.datald], &current, 4); // \uAnszua (Current) 4 Tud
Y/ datoyani U CAN —---reemeee //

if (twai_transmit(&tx_message, pdMS TO TICKS(100)) == ESP_OK) {
Serial.print("Sent CAN ID: 0x");
Serial.print(can_id, HEX);
Serial.print(" V=");
Serial.print(voltage);
Serial.print(" A=");
Serial.println(current);
}else {

Serial.println("Failed to transmit"); // nsdldedeyalaidnsa

void loop() {
Y n1355UA1 CAN ID paelUslaAna CANOpen —-——--—m--- //
twai_message_t rx_message;
float rx_voltage = 0.0; // Faudsiiuaus i
float rx_ampere = 0.0; // fuUsiAuAnssuansuL
uint32 trx id =0;  // fauusiiu CAN ID
[ ATIAAOUNTTUTOUA e /1
if (twai_receive(&x_message, pdMS_TO_TICKS(100)) == ESP_OK) {
rx_id = rx_message.identifier;  // 81uf1 CAN ID
if (rx_message.data_length code == 8) {
// wlasdeyasnn Data 1Uu float
memcpy(&rx_voltage, &x_message.data[0], 4);
memcpy(&rx_ampere, &rx_message.datald], 4);
// 9339@8U CAN ID Y83usaznaes
if (rx_id == 0x500 || rx_id == 0x600 || rx_id == 0x700 || rx_id == 0x800) {




142

Serial.print("Received from CAN ID: 0x");
Serial.print(rx_id, HEX);
Serial.print(" V="),
Serial.print(rx_voltage);
Serial.print(" A=");
Serial.println(rx_ampere);

Yelse {
Serial.print("Unknown CAN ID: 0x");
Serial.println(rx_id, HEX);

}

}else {

Serial.println('Invalid data length");  // Yayaliasu 8 Byte

}
}else {
Serial.printin("No data received"), Y/ lﬂwuﬁagaﬁ%ﬁﬂm
} delay(2000); // mianewiuguseudnll
}
/A Fernsideusto WiFi waz MQTT ————— //

void setup() {
setupWiFi(); // \FousoLAIaUne Wi
// Anvium MQTT Server Wag Port
client.setServer(mgtt_server, 1883),

}

void loop() {

if (Iclient.connected()) {

reconnectMQTT(); // \¥ouse MQTT Tnsinstivgn
}
client.loop(); // Shwnannurnsidouse MQTT

Y MIIAADUTDYA CAN —--mmmmemmmeees //
if (dataReceived) {
// @$13fom1nu JSON dmisuds MQTT
String payload = "{";
payload += "\"can_id\"\"" + String(rx_id, HEX) + "\",";

payload += "\"voltage\":" + String(rx_voltage) + ",";
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payload += "\"current\":" + String(rx_ampere);

payload +="}";
[ defoyaluds MQTT Broker - //
if (client.publish(mqtt_topic, payload.c_str())) {
Serial.printin("MQTT message sent"); // dﬂ%ﬁ];ﬁaﬁ%%ﬁ]
Yelse {

Serial.println("Failed to send MQTT message"); // d@3tayalidia

}
delay(5000); // #3ak3a1 5 Iundineuiugusevdnly
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