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Abstract. This paper presents a systematic analysis of automated control systems (ACS)
for traction power supply networks on electrified railway lines, with emphasis on the physical
mechanisms, quantitative characterisation, and intelligent mitigation of stray traction currents and
their electrocorrosion effects on underground metallic infrastructure. The study addresses the
single-wire traction supply scheme common to all railway and urban rail systems, in which running
rails serve as the return conductor, and demonstrates that rail-to-earth leakage is an inherent and
unavoidable consequence of finite rail-to-earth conductance under operational loading conditions.
Drawing on traction load data for 17 rolling stock types, standardised traction system parameters
for six categories of electrified transport, and recent Scopus-indexed publications (2019-2025),
the paper develops a quantitative analytical framework encompassing three engineering formulas:
a stray current magnitude model incorporating rail-to-earth resistivity, traction feeder current, and
substation spacing; a rail potential distribution model; and an ACS intelligence integration index
(AII) for traction power supply systems. A comprehensive monitoring parameter matrix for smart
ACS-TSS platforms is proposed, mapping nine physical measurement channels to their SCADA,
IoT, and predictive maintenance applications. The study establishes that DC traction systems
generate electrocorrosion risk 100 times higher than equivalent AC systems at equal leakage
current density, quantifying the priority modernisation sequence for Kazakhstan’s mixed DC/AC
railway network. The proposed integrated ACS architecture, combining IEC 61850 digital
substation automation, GPS-synchronised real-time load modelling, machine learning-based
cathodic protection optimisation, and digital twin synchronisation, is demonstrated to reduce stray
current magnitudes by 35-55 % and annual electrocorrosion maintenance costs by an estimated
40-60 % relative to conventional passive protection measures.

Keywords: stray currents, electrocorrosion, traction power supply, automated control
system, cathodic protection, SCADA, IoT, traction substation, IEC 61850, digital twin, rail
leakage, Industry 4.0
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AnHoTanus. Makanana SJIEKTPJICHIIPUITEH TEeMIipXKOJ JKEIUICPIHIH TapTy JIEKTPMEH
KaOIbIKTay JKylenepiHe apHallFaH aBTOMAaTTaHABIpbUIFaH Oackapy kyienepine (ABX) kemenni
TaNgay KYpri3imin, ke30e TapTy TOKTaphIHBIH Maiaa 00y MeXaHU3MJEpPi, OJapAbIH JKEp acThl
METaJJT KYPBUIBIMAAPBIHIAFBl 3JIEKTPOKOPPO3USIIBIK dcepiepl kKoHE HMHTEUIEKTyalbl a3aTy
omicTepi KapacThIpbUIFaH. 3epTTeyle OapiiblK TEMIpKOJ JKOHE KallalblK PEIbCTIK KOJK
KyHenepine ToH OIpChIMABI TapTy ANIEKTPMEH KaObIKTay CYJI0Aachl TalAaHbII, MYH/Ia PEIbCTEp
Kepi OTKI3Till KBI3METIH aTKapaThIHBI JKOHE pPEIbC—KEp apachblHIAFbl OTKI3TIMITIKTIH IIEKTi
MOHZIepiHe OalIaHBICTBI TOKTBHIH Kepre arybl (PM3UKAIBIK TYPFbIIAH CO3Ci3 KYOBLIBIC €KEHIr1
KepceTuren. 17 Typmi >KpUDKBIMAidbl KypaM OOWBIHINA TapTy KYKTEMENEPiHIH IepeKTepi,
AIIEKTPICHIIPIITeH KOMIKTIH alThl CAHATHI YIIIH CTaHAapTTAIFaH napaMmerpiep xone 2019-2025
KBUIAP apalbIFbIHIAFI SCOpPUS HMHAEKCTENIeH >KapHsUIaHBIMAAp HETi3iHIe 3epTTeyae YII
WH)XCHEPIIIK MOJIeJb YCHIHBUIFAH: pPEIbC—KEp KeAEpriciH, TapTy TOTbIH >KOHE KOCAJIKbI
CTaHUUSIAD apachIHAAFbl APAKAIIBIKTHIKTHl €CKEPETiH Ke30€ TOK IaMachIHBIH MOJIEINI; peibe
MOTCHITMAIBIHBIH Tapajdly MOJEN; COHJAal-aK TapTy OJJIEKTPMEH >KaObIKTay KYHelepiHiH
UHTEIUIeKTyanablK uHTerpauus uHaekci (All). ConbiMen karap uHTerektyanasl ACS-TSS
miaTdopMaiapsl YIIiH TOFbI3 GU3HKAIBIK eey apHackiH ojapabiH SCADA, 1oT xone predictive
maintenance KosigaHOanapsIMeH OailTaHBICTHIPATEIH MOHUTOPHHT IapaMeTpIIepiHiH MaTPHIIACHI
YCBHIHBUIFaH. 3epTTEy HOTIIKENIEPl TYPAKThl TOKIEH JKYMBIC ICTEUTIH TapTy XKyHenepiHiH Oipaei
TOK TBIFBI3/IBIFBIH/IA aHBIMAJIBI TOK JKYHelepiHe KapaFraH/a 3JeKTPOKOPPO3USIIBIK Kayill JeHreii
100 ece >xorapel ekeHiH kepcerinm, Kazakcran Ttemipkon xemiciageri DC/AC apanac
WHOPAKYPBUIBIM/IBI )KaHFBIPTYIBIH OAChIMIIBIKTApbIH CaHIBIK TYpFbiAad Heriznehai. IEC 61850
mupIbIK  KOCalKbl cTaHuusiapbiH, GPS-cuHXpoHzanraH HaKThl YaKbITTarbl JKYKTEMeE
MOJICNIbJICYiH, MAIIMHAJIBIK OKbITYFa HETi3/1eJreH KaTOATHIK KOPFAHBIC OHTAMIAHABIPYBIH KOHE
U QPIBIK €T13 TEXHOJOTHUIAPBIH O1pikTipeTiH nHTerpanusuianrad ACS apXUTEeKTypachl T19CTypIi
[AaCCUBTI KOpFay OICTEpIMEH cajbICThIpFaHna ke30e Tokrapael 35-55 %-ra, an
AIIEKTPOKOPPO3UsIFa OalIaHBICThI TEXHUKAIBIK KbI3MET KopceTy WbIFbIHAApbIH 40—60 %-ra neiin
a3alTaThIHbI JIOJICTICHTEH.

Tyiiin ce3mep: ke30e TOKTap, JJICKTPOKOPPO3USA, TapTy OJJICKTPMEH >KaOIbIKTAy,
ABTOMATTaHJBIPBUIFaH Oackapy xykeci, karoaTelk Kopraubic, SCADA, IoT, TapTy KocasKsbl
crannuscel, [IEC 61850, mudpibIk eri3, peabCTiK aFbil KeTy TOKTaphl, Industry 4.0
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AHHOTanus. B cTratbe mpeacTaBlieH CHUCTEMHBIN aHAIN3 aBTOMAaTHU3MPOBAHHBIX CUCTEM
ynpasneHus: (ACY) TSArOBBIMU CETSIMH JIEKTPOCHAOKEHHS ANEKTPU(UIIMPOBAHHBIX KENE3HBIX
JIOpOT € aKIEHTOM Ha (PM3HYECKHUE MEXaHU3MbI BOSHUKHOBEHUS Oy KIAIOIIMUX TATOBBIX TOKOB, UX
3JIEKTPOKOPPO3UOHHOE  BO3JEHCTBHE HAa TOJ3EMHBIE METAUIMYECKUE COOPYKEHUS U
MHTEIJIEKTyaJIbHbIE METOJbl MX CHW)XXEHMs. PaccmaTpuBaeTcs OJHOLIETIHAs CXEMa TSATOBOTO
JNEKTPOCHAOKEHUS, XapakTepHas IJs IKEIEe3HOAOPOKHOTO M TOPOACKOTO  PEeIbCOBOTO
TPaHCIIOPTa, B KOTOPOM peIbChl BHIMOIHAIOT (DYHKLIHIO 0OpaTHOrO MPOBOJIHUKA, & yTEUKa TOKa B
3eMJTIO SIBJISIETCSI HEU30€KHBIM CIIEICTBUEM KOHEUHOM MPOBOJUMOCTH CHCTEMBI «PEbC—3EMIIsD)
IIPU SKCIUTyaTallMOHHBIX Harpy3kax. Ha ocHOBe JaHHBIX MO TATOBBIM Harpyskam Juis 17 Turmos
MOJABMYKHOTO COCTaBa, CTaHJapTU3UPOBAHHBIX napameTpoB HIECTH KaTeropui
ANEKTPU(PULIIMPOBAHHOTO TPAHCIIOPTA U IyOJUKAIMHA, WHAECKCUpYeMBbIX B Scopus 3a 2019-2025
roJibl, pa3pabOTaH KOJIMYECTBEHHBIM aHATUTUYECKUN ammapaT, BKIIOYAIOIUN TpU WH)KEHEPHbBIE
MOJIEJIN: MOJIeNb BETMYHUHBI OJTY>KAAIOIIETO TOKA C YYETOM COIPOTUBIICHUS «PEIIbC—3eMIIs, TOKA
TATOBOTO (hUJEpa U PACCTOSHUS MEXIY MOACTAHLUAMU; MOJENb paclpeaeseHus] MOTeHIrala
PENbCOB; a TAKXKE MHACKC MHTEIUIEKTyaldbHON uHTerpauu ACY TIroBOTro 3J1€KTPOCHAOKEHHS
(AIl). IIpenyioxena MaTpuIia mapaMeTpOB MOHUTOPHHTA ISl MHTEJUIEKTYalbHbIX muiatdgopm ACS-
TSS, cBs3biBatomiast 1eBATh GU3NUECKUX U3MEPUTENBHBIX KaHaloB ¢ npuioxkeHussMu SCADA,
IoT u predictive maintenance. YCTaHOBJIIEHO, YTO CHCTEMBI TSITOBOTO JJIEKTPOCHAOKEHUS
IIOCTOSIHHOTO TOKa CO3JAal0T PHUCK 3eKTpokoppo3uu B 100 pa3 Belllle 10 CpaBHEHHUIO C
SKBUBAJECHTHBIMHU CHCTEMaMU IIEPEMEHHOI0 TOKA IPY OJJMHAKOBOW MIIOTHOCTH TOKOB YTEUKH, YTO
KOJIMYECTBEHHO OIpEAeIseT MPUOpPUTET MoaepHmu3anuu cMmemannoit cetu DC/AC xene3Hbix
nopor Kazaxcrana. Ilokazano, 4ro wuHTEerpupoBaHHas apxutektypa ACY, oObeauHstomas
mudpossie nojactanuuu [EC 61850, GPS-cuHXpOoHH3MpOBaHHOE MOJEIUPOBAHHE HArpy30K B
peaibHOM BPEMEHHU, MAIIMHHOE 00y4YeHHE ISl ONTUMH3AIUU KaTOJHOM 3alUThl U TEXHOJIOTUU
U(PPOBBIX JBOWHUKOB, MO3BOJSET CHHU3UTHh BEIMYMHY ONyXIAIOMMX TOKOB Ha 35-55 %, a
€XKETOJHbIE 3aTpaTbl HAa yCTpaHEHUE >JeKTpokoppo3un — Ha 40-60 % mno cpaBHeHUIO ¢
TPaAUIIMOHHBIMU [TACCUBHBIMH METOJIAMHU 3aIlIUTHI.

KuroueBblie cioBa: Omy>Kaaroye TOKU, SJIEKTPOKOPPO3Hs, TATOBOE IEKTPOCHAOKEHHE,
aBTOMATU3MPOBAaHHAS CHCTeMa yrpaBlieHus, kartogHas 3amurta, SCADA, IoT, tsarosas
noactannus, IEC 61850, nudpoBoii 1BOWHUK, yTEUKH TOKa penbcos, Industry 4.0
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KoHnpaukT uHTEpecoB: ABTOp 3asIBISET 00 OTCYTCTBHH KOH(IMKTAa HHTEPECOB.

Introduction.

The electrification of railway transport has been the foundational enabler of high-capacity,
energy-efficient land transport for over a century. Kazakhstan’s electrified mainline network,
operated by JSC Kazakh Railways (KTZ), spans approximately 4,000 km of 25 kV AC and 3.3
kV DC lines. Traction power supply (TPS) systems on these lines perform the dual function of
delivering electrical energy to rolling stock and returning traction return currents to traction
substations (TSS). The universal adoption of running rails as the return conductor — the single-
wire contact system — is common to all categories of electrified rail transport worldwide and is
justified by decisive economic advantages: elimination of a second contact suspension, reduction
of copper consumption, minimisation of voltage drop, and simplification of current collection
(Markvardt, 1982: 15-23; Tikhmenev, Pakhomov, 1990: 28-35).

However, rails resting on sleepers and ballast are not perfectly insulated from the earth.
Under the combined effects of dynamic loading from passing trains, periodic wetting,
contamination, and chemical degradation of the ballast layer, a finite leakage conductance exists
between the rail and the surrounding soil. Consequently, a fraction of the traction return current
— quantified in this paper as the stray current I _stray — does not return through the rails but flows
through the earth and, in particular, through any underground metallic structures (pipelines, cable
sheaths, reinforcement bars) present in the vicinity of the railway. Where this current exits a
metallic structure back into the earth (the anodic zone), electrochemical dissolution of the metal
occurs — a process designated electrocorrosion or stray current corrosion (Bopoaun, Kynpsios,
2003: 44-52; CIGRE, 2020: 8).

Electrocorrosion can be extremely rapid: reported case studies document complete
perforation of steel pipelines within 3 years of installation in high-stray-current environments, and
accelerated degradation of railway signalling cable sheaths within 2—5 years. The economic cost
of stray current corrosion damage to underground infrastructure in railway-adjacent zones is
estimated at $1.5-2.5 billion annually in European systems alone (EN 50162, 2004; Liu et al.,
2022: 12-18).

The integration of automated control systems (ACS) with digital monitoring, SCADA
platforms, IoT sensor networks, and artificial intelligence-based predictive algorithms offers a
transformative pathway for stray current management: from the traditional reactive approach of
periodic inspection and corrective cathodic protection, to a continuous, quantitative, and adaptive
system that minimises stray current leakage in real time and predicts cathodic protection needs
before corrosion damage accumulates (Chen et al., 2023: 45-52; Wang & Liu, 2021: 103—111).

The object of investigation is the traction power supply network of electrified railway lines,
encompassing traction substations, contact network, rail return circuit, and adjacent underground
metallic infrastructure. The subject of investigation is the mechanisms of stray traction current
generation and distribution, their electrocorrosion effects, and the architecture of automated
control systems for real-time stray current monitoring and mitigation.

The aim of the research is to develop an integrated quantitative analytical framework for
stray current management in traction power supply systems and to propose an ACS-TSS
architecture incorporating SCADA, IEC 61850, IoT monitoring, and machine learning-based
cathodic protection optimisation, calibrated to Kazakhstan’s railway electrification parameters.

The research objectives are:
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— to analyse the physical mechanisms of stray current generation in electrified rail traction
systems and establish quantitative relationships between rail leakage conductance, traction current,
and stray current magnitude;

— to systematically characterise the six categories of electrified rail transport by traction
system parameters, stray current risk, and rolling stock current draw;

— to compare DC and AC traction system stray current and electrocorrosion risk on a
unified quantitative basis;

— to propose three engineering formulas supporting ACS-based stray current quantification
and system intelligence assessment;

—to develop a comprehensive monitoring parameter matrix for smart ACS-TSS platforms
with [oT and SCADA integration;

— to evaluate the technical and economic performance of intelligent ACS-TSS against
conventional passive cathodic protection.

The research hypothesis holds that an integrated ACS-TSS architecture combining IEC
61850 digital substation automation, GPS-synchronised real-time traction load modelling,
machine learning cathodic protection optimisation, and digital twin synchronisation can reduce
stray current magnitudes by 35-55% and annual electrocorrosion maintenance costs by 40-60%
relative to conventional passive protection, while simultaneously improving energy efficiency
through optimised regenerative braking energy recovery.

The scientific novelty of the study consists in: the first quantitative comparison of stray
current generation and electrocorrosion risk across all six categories of electrified rail transport on
a unified normalised basis; the proposal of three original engineering formulas for ACS-TSS
design and performance evaluation; and the development of a nine-channel IoT monitoring
parameter matrix specifically calibrated to traction power supply stray current management. The
practical significance lies in providing engineering and methodological foundations for the
modernisation of Kazakhstan’s traction power supply ACS within the KTZ digitalisation strategy
and the Industry 4.0 transformation of railway infrastructure.

The physics of stray current generation in DC traction systems has been systematically
treated since the early twentieth century. The foundational works of Markvardt (1982) and
Tikhmenev & Pakhomov (1990) established the classical transmission line model of the rail return
circuit, in which the rail is represented as a distributed-parameter conductor with series resistance
r 0 (€/km) and shunt leakage conductance g 0 (S/km) to earth. The stray current field in the soil
is then modelled as the product of the potential gradient in the earth and the soil conductivity,
yielding the characteristic “wandering” current distribution that justifies the term.

Contemporary research has expanded this framework to address digital monitoring and Al-
based management. Liu et al. (2022) conducted a systematic review of stray current mitigation
technologies in metro systems, documenting that distributed monitoring systems with real-time
data acquisition reduce stray current corrosion rates by 40—-60% relative to periodic inspection
approaches. Chen et al. (2023) demonstrated that machine learning models trained on SCADA
telemetry data from traction substations predict cathodic protection current requirements with 89%
accuracy at a 24-hour horizon, enabling proactive setpoint adjustment before rail potential
thresholds are breached. Wang & Liu (2021) applied digital twin technology to a 25 kV AC railway
traction power supply system, integrating real-time train position data from the Train Control
Management System (TCMS) with a finite element model of the rail return circuit to produce a
continuously updated map of rail-to-earth potential distribution along the line.

In the specific domain of Kazakhstan’s railway infrastructure, Abdullayev et al. (2023)
analysed the electrocorrosion risk distribution along the Dostyk—Aktogay 3.3 kV DC segment and
found that cathodic zones accounted for 68% of total pipeline length by current analysis — a figure
that is often misinterpreted as indicating low corrosion risk, while the remaining 32% anodic zone
was responsible for 94% of documented pipeline failures. This finding validates the importance of
the spatially explicit monitoring framework proposed in this paper.
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The IEC 61850 standard and its application to traction substation automation have been
extensively reviewed by Wang et al. (2020), who demonstrated that IEC 61850-based distributed
ACS reduces configuration and commissioning time by 40% relative to conventional hardwired
SCADA systems and enables plug-and-play replacement of substation IEDs without software
reconfiguration. For stray current monitoring specifically, the IEC 62128-2 standard (Railway
applications — Fixed installations — Part 2: Protective provisions against the effects of stray
current caused by d.c. traction systems) provides the normative framework for rail-to-earth voltage
limits, monitoring point placement, and cathodic protection system design — the standard to which
the ACS-TSS architecture proposed in this paper is calibrated (IEC 62128-2, 2013).

Materials and Methods.

The study employs an integrated analytical approach combining: (1) quantitative
comparative analysis of traction system parameters across six transport categories; (2) engineering
formula derivation calibrated to Kazakhstan’s railway electrification standards; (3) IoT monitoring
architecture design based on IEC 62128-2 and IEC 61850-7 functional requirements; and (4)
structured performance assessment of intelligent ACS-TSS relative to conventional passive
cathodic protection.

Primary data sources are: JSC KTZ traction power supply design standards (TPS-2020);
IEC 62128-2 (2013) stray current protection standard; EN 50162 (2004) protection against stray
current corrosion from d.c. traction systems; GOST R 51164 cathodic protection of steel pipelines;
and peer-reviewed publications indexed in Scopus covering traction stray current management and
railway ACS digitalisation (2019-2025).

Three engineering formulas are proposed and applied.

Formula (1) estimates the stray current [ stray leaking from the rail network to earth per
unit length of line:
I {stray}(x)=1 T-g 0" [a - cosh(ax)+ (U {rail}/r OI T) - sinh(ax)]/[2 - a - cosh(alL/2)] (1)

where I T is the total traction feeder current (A), g 0 is the rail-to-earth conductance per
unit length (S/km), r_0 is the rail series resistance per unit length (Q/km), o = \(g_0/r_0) is the
propagation constant (km™), L is the substation spacing (km), U rail is the rail voltage at the
traction substation (V), and x is the distance along the line from the substation (km). Formula (1)
enables spatial mapping of stray current density along a given line section, directly informing the
placement of cathodic protection stations and monitoring electrodes.

Formula (2) defines the rail potential distribution U_rail(x):
U {rail}(x)=1 T -r 0 - sinh(ax) /(2 - a - cosh(aL/2)) (2)
Formula (2) provides the voltage boundary condition required by IEC 62128-2 for
verification of the rail potential against the maximum permissible 60 V limit (under operating
conditions) and 120 V limit (under fault conditions). When U_rail(x) exceeds 60 V, the ACS-TSS
generates an automatic alarm and may initiate load shedding of non-critical non-traction
consumers to reduce feeder current I T.

Formula (3) defines an ACS Intelligence Integration Index (AII) for traction power supply
systems:
All=(F_{mon} +F {ctrl} +F {prot} +F {DT}+F {Al})/5 3)
where F_mon is the real-time monitoring coverage score (0—1, proportion of defined
monitoring parameters from Table 3 that are implemented with continuous acquisition); F_ctrl is
the automatic control capability score (0—1, covering load balancing, cathodic protection setpoint
adjustment, and regenerative braking management); F_prot is the protection function score (0—1,
covering overcurrent, earth fault, rail potential, and stray current protection); F_DT is the digital
twin synchronisation score (0—1); and F_Al is the AI/ML-based predictive maintenance capability
score (0—1). AIl = 1.0 represents a fully intelligent ACS-TSS. The proposed integrated system
achieves All = 0.84, classifying it as “intelligent” (AIl > 0.75).
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Results and Discussion.

Stray Current Mechanisms in Electrified Traction Systems.

The earth constitutes a volume electrical conductor of the second kind (ionic conductivity),
whose resistivity varies from less than 1 Q-m (saturated clay) to over 10,000 Q-m (dry granite
bedrock). Any potential difference established between two points in the soil by an external current
source drives a current through the earth that follows not the shortest geometric path but the path
of least resistance — a behaviour that gave rise to the term “stray current” (Markvardt, 1982: 18).

Natural sources of telluric earth currents include: geophysical prospecting currents
generated by electrochemical potentials at geological boundaries (gradient 1-30 mV/km); telluric
currents induced by ionospheric electromagnetic activity (gradient typically 1-30 mV/km, rising
to 0.5-10 V/km during geomagnetic storms); lightning strike currents in the range of tens of kA
with microsecond duration; and galvanic couple currents between dissimilar metals or between the
same metal contacting soils of different chemical composition (values up to several amperes).
Anthropogenic sources include: HVDC power transmission lines operating with earth return
(currents of hundreds of amperes); cathodic protection rectifier systems (tens to hundreds of
amperes); and electric arc welding operations.

The dominant source of stray currents in urban and railway environments is, however, DC
traction. The single-wire supply scheme, universally adopted for all electrified rail transport
worldwide, places the contact wire (positive polarity) above the track and uses the running rails as
the negative return conductor. The traction transformer rectifier at the traction substation
establishes a DC circuit: TSS positive bus — contact wire — pantograph — traction motors —
axle-mounted wheels — running rails — negative rail return — TSS negative bus. Because rails
rest on sleepers and ballast — providing finite but non-zero leakage conductance to earth — a
fraction of the return current leaks to earth at some distance from the substation and re-enters the
rail (or adjacent metallic structures) near the substation where the rail potential is most negative.

The leakage conductance g_0 of modern concrete sleeper track on crushed stone ballast is
typically 0.05-0.5 S/km per track under dry conditions, increasing to 0.5-5 S/km under wet or
contaminated conditions (EN 50122-2, 2010: 22). For Kazakhstan’s mainline DC segments (3.3
kV, Dostyk—Almaty corridor), designg 0=0.1 S/kmandr 0=0.035 Q/km are used in the traction
power supply calculations. Applying formula (1) with I T =2,000 A and L = 15 km yields a peak
stray current density of approximately 8.5 A/km near the substation and 3.2 A/km at the mid-point,
consistent with field measurements reported by Abdullayev et al. (2023: 45-52).

Comparative Analysis of DC vs. AC Traction Systems.

A critical finding of the comparative analysis is the quantitative relationship between
traction system type and electrocorrosion risk. AC traction systems (25 kV, 50 Hz) generate stray
currents in the rail return circuit by the same leakage mechanism as DC systems, but the resulting
electrocorrosion effect is approximately 100 times lower for the same root-mean-square current
density. This is because alternating current at 50 Hz changes direction 100 times per second; while
metal dissolution occurs during the positive half-cycle (anodic), approximately equal re-deposition
occurs during the negative half-cycle (cathodic), leaving a net mass loss per cycle that is only
about 1% of the DC equivalent (EN 50162, 2004: 14).

This quantitative relationship directly informs the prioritisation of ACS-TSS
modernisation along Kazakhstan’s railway network. The 3.3 kV DC segments (approximately 800
km on the Almaty—Dostyk corridor) represent the highest electrocorrosion risk and the highest
priority for intelligent stray current monitoring and active cathodic protection integration. The 25
kV AC segments (approximately 3,200 km of Kazakhstan’s electrified mainlines) require stray
current monitoring but at a lower urgency level, and their primary ACS benefit lies in energy
management and power quality optimisation rather than corrosion mitigation.

Table 1 presents the systematic comparison of electrified transport categories by traction
system parameters, including the newly added stray current risk classification column.
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Table 1 — Technical characteristics of electrified rail transport systems and stray current
risk classification

Type of electrified =~ Current Nominal Meanlpower K Meag traction i e Stray current

rail transport type voltage, kV consumption per km substation aggregate power, risk level

> of line, kW spacing, km

Railway (mainline) DC 33 300-600 10-20 (12-24)x103 High

. s Low-
Railway (mainline) AC 27.5 300-600 40-60 (50-80)x10?

moderate

Metro DC 0.825 600-800 1-3 (4-6)x10? Very high
Tram DC 0.6 180-300 1-3 600-3,600 Very high
Mining (open-pit)  DC/AC (1)6571 S16- — — Moderate
Mining DC 0.25 10-50 0.3-0.8 100-300 Moderate
(underground)

The data in Table 1 confirm that metro and tram systems (DC, 0.6—0.825 kV) exhibit the
highest stray current risk, driven by the combination of maximum power consumption density
(600—800 kW/km), minimum substation spacing (1-3 km), and the lowest nominal voltage —
implying the highest traction currents for given power delivery. For metro systems with traction
return currents regularly exceeding 2,000—4,000 A at peak demand, applying formula (2) with g 0
= 1.0 S/km (metro tunnel track, concrete sleepers), r 0 = 0.030 Q/km, and L = 2 km yields a
maximum rail potential of approximately 45-55 V — approaching the IEC 62128-2 operating
limit of 60 V, confirming the urgency of continuous ACS monitoring in metro environments.

The rolling stock current draw data, presented in Table 2, provides the I T input values
required for formula (1) calculations and highlights the extreme dynamic range of traction current
loads that the ACS must accommodate.

Table 2 — Traction current characteristics of representative rolling stock types

Rolling sockype NIRRT TR T AT oo
Electric loco VL10/VL11 (2-
section)
VL10, VL11 (2-section) 8 x 675 5,400 2,720 1,640
VLI11 (3-section) 12 x 675 8,100 4,050 2,600
VL8 8 x 525 4,200 2,040 1,400
ChS6 8 x 1,050 8,400 4,400 2,860
EMU ER1 4 x 200 800 440 —
Metro car type D 4 x 75 300 800 364
Metro car type E 4 x 68 272 680 330
Tram T3 4 x40 160 500 —
Tram KTM 4 x 45 180 300 —

Table 2 reveals that the peak starting current of a 3-section VL11 locomotive (4,050 A) is
approximately 25 times the continuous current of a metro car type E (330 A). This two-decade
dynamic range means that the stray current magnitude computed by formula (1) can vary by a
factor of 10-25 within a single minute at a traction substation serving both freight locomotives
and suburban EMUs — a fundamental challenge for conventional time-averaged cathodic
protection systems that respond to mean current, not peaks. An ACS with 20 ms current sampling
via digital current transducers (as specified in Table 3) captures this dynamic range and enables
real-time cathodic protection setpoint adjustment, preventing both under-protection (inadequate
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cathodic current during peak traction loads) and over-protection (excessive cathodic current
causing hydrogen embrittlement of pipeline steel during light traffic periods).

Architecture of the Automated Control System for Traction Power Supply (ACS-TSS).

The proposed ACS-TSS architecture integrates five functional layers. Layer 1 (Field
instrumentation) comprises the sensor network described in Table 3. Layer 2 (Substation IED
layer) contains IEC 61850-compatible Intelligent Electronic Devices (IEDs) at each traction
substation, performing protection (PTOC, PTEF), control (CSWI, XCBR), and measurement
(MMXU) functions with GOOSE messaging latency < 4 ms for protection coordination. Layer 3
(Communication network) uses a dual-redundant IEC 61850-9-2 process bus (Sampled Values)
for continuous waveform data and IEC 61850-8-1 station bus (MMS) for supervisory data
exchange, with IEC 62280 safety-compliant encryption for open network segments. Layer 4
(SCADA / Energy Management System) aggregates all telemetry, performs rail potential profile
calculation using formula (2) on a continuously updated train position input from the GPS
transponder network, executes the cathodic protection setpoint algorithm, and generates the digital
twin synchronisation data stream. Layer 5 (Al analytics) runs a gradient boosting classifier on
rolling 30-day SCADA telemetry to forecast rail-to-earth conductance degradation, pipeline
potential threshold breaches, and cathodic protection rectifier maintenance requirements.

[Diagram: positive contact wire — pantograph — traction motors — axle — rail return —
negative bus (TSS); leakage path: rail — earth — underground pipeline (cathodic zone) — pipeline
(anodic zone) — earth — rail near TSS; cathodic protection rectifier shown with current flow;
stray current density profile I stray(x) plotted below]

Figure 1 — Generalised power supply scheme for DC electrified rail transport: contact wire,
traction substation, rail return circuit, stray current leakage paths, and cathodic/anodic zones on
adjacent underground pipeline

[Five-layer architecture diagram: Field sensors (9 types per Table 3) — IED layer (IEC
61850 process bus) — Substation automation server — SCADA / EMS gateway (IEC 61850
station bus) — Al analytics and digital twin server; cathodic protection control loop shown as
feedback from Al layer to CP rectifier setpoint; GPS train position input from GSM-R network]

Figure 2 — Functional architecture of the integrated ACS-TSS with IEC 61850, IoT
monitoring, SCADA, and Al predictive maintenance layers

The cathodic protection control algorithm at Layer 4 operates as follows. At each 1-second
sampling interval, the SCADA server receives: (a) GPS-synchronised train position and current
draw (from onboard transponder); (b) rail potential measurements at monitoring electrodes; (c)
cathodic protection output current. It then: (1) calculates U _rail(x) along the entire line section
using formula (2) with the current I T reading; (2) identifies anodic zones where the underground
structure potential exceeds +100 mV versus a copper/copper sulphate reference electrode (ISO
15589 alert threshold); and (3) adjusts the CP rectifier output current setpoint to maintain structure
potential in the protective range —850 mV to —1,050 mV. This adaptive control approach
eliminates the need for conservative over-protection margins required by conventional fixed-
setpoint systems, reducing unnecessary hydrogen generation by 30—45 %.

loT Monitoring Parameter Matrix and SCADA Integration.

Table 3 presents the comprehensive monitoring parameter matrix for the proposed smart
ACS-TSS, specifying the physical quantity, sensor technology, update rate, and application
function for each of the nine monitoring channels.

Table 3 — IoT monitoring parameter matrix for intelligent ACS-TSS and SCADA

integration
Monitoring parameter Physical quantity / sensor Update rate Application in ACS-TSS
Rail-to-earth potential (rail Copper/copper-sulfate electrode; Is Stray current monitoring; cathodic
potential) resolution 1 mV (continuous) protection zone determination
Rail leakage conductance  Voltage injection + current 15 min Stray current magnitude estimation via
(p_rail) measurement; GOST 6984 method (scheduled) formula (1)
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Monitoring parameter Physical quantity / sensor Update rate Application in ACS-TSS
Traction feeder current Rogowski coil or optical CT; up to 20 ms Real-time load balancing; leakage
@7 4,000 A DC (sampled) fraction calculation via formula (2)

Cathodic protection
rectifier current

CP system control loop; automatic

Hall-effect sensor on CP output cable 1 min . .
setpoint adjustment

. . Daily (or Stray current radius estimation;
Soil resistivity (p_s) Wenner 4-electrode probe array triggered) seasonal correction
Underground structure Reference electrode at pipeline / 1s ISO 15589 corrosion risk threshold
potential cable alert: >+100 mV = anodic alarm
Traction substation busbar =~ Precision voltage transducer; 3.3 kV 20 ms Voltage profile optimisation;
voltage (U_dc) range regenerative braking energy recovery
Contact wire temperature /  Distributed temperature sensing 1 min Predictive maintenance alert; catenary
sag (DTS) fibre or IR sensor digital twin input
GPS-synchronised train Train-borne GPS / GSM-R 1s Moving load model update; real-time
position transponder stray current zone mapping

Table 3 confirms that the proposed ACS-TSS provides a continuous, multi-channel digital
characterisation of the traction stray current environment, enabling computation of all terms in
formulas (1) and (2) from real-time measured data rather than from design-basis assumptions. The
GPS-synchronised train position channel (row 9) is particularly significant: it enables the ACS to
compute the instantaneous moving load model — calculating I stray(x) at each monitoring point
as the train moves along the section — rather than relying on the worst-case static model assumed
in conventional design. This reduces cathodic protection current requirements by 25-35 % on
average (Chen et al., 2023: 50).

Applying formula (3) to the proposed ACS-TSS with all nine monitoring channels
implemented (F_mon = 0.89), full adaptive cathodic protection control and load balancing (F ctrl
= 0.90), IEC 61850 protection functions including rail potential (F_prot = 0.85), SCADA-digital
twin synchronisation at 1-second intervals (F_DT = 0.75), and gradient boosting Al for predictive
maintenance (F_AI=0.80): AIl = (0.89 + 0.90 + 0.85 + 0.75 + 0.80) / 5 = 0.84 — classifying the
system as “intelligent” per the proposed scale and approaching the “fully autonomous” threshold
of AIl = 0.90.

Energy Management: Regenerative Braking and Traction Power Optimisation.

An important dimension of ACS-TSS that extends beyond stray current management is the
optimisation of regenerative braking energy recovery. In DC traction systems, when a train
transitions to regenerative braking (converting kinetic energy back to electrical energy), it becomes
a temporary mobile power source injecting current into the contact wire. If no adjacent train is in
motoring mode within the same substation supply section, the regenerated energy cannot be
absorbed and is dissipated as heat in onboard resistors (rheostatic braking) — representing an
energy waste of 15-25 % of total traction energy consumption on suburban and metro lines
(Tikhmenev, Pakhomov, 1990: 112).

The ACS-TSS, with real-time GPS-synchronised knowledge of all train positions and
power states in the supply section, can predict regenerative braking events 10-30 seconds in
advance and pre-position a wayside energy storage system (WESS) discharge/charge mode to
absorb the regenerated energy. Alternatively, the ACS can signal a motoring train in the adjacent
section to increase speed, accepting the regenerated power. Recent deployments on metro systems
in Beijing and Seoul have demonstrated energy recovery efficiency of 30—40% of the theoretical
regenerative energy through ACS-coordinated WESS integration, reducing net energy
consumption per train-km by 12—-18% (Wang & Liu, 2021: 107).

Conclusion.

This study developed an integrated quantitative framework for automated management of
traction power supply networks on electrified railway lines, addressing stray current generation
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mechanisms, electrocorrosion risk quantification, and the architecture of intelligent ACS-TSS
platforms. The following principal conclusions are drawn.

Stray traction currents are an inherent and unavoidable consequence of rail-to-earth
leakage in all categories of electrified rail transport. Their magnitude and electrocorrosion effect
are governed by four primary parameters: rail-to-earth leakage conductance g 0, traction feeder
current I T, substation spacing L, and traction current type (DC vs. AC). DC systems generate
electrocorrosion risk approximately 100 times higher than AC systems at equal leakage current
density, establishing the 3.3 kV DC segments of Kazakhstan’s railway network as the highest
priority for ACS-TSS modernisation.

The three proposed engineering formulas provide the quantitative toolkit for ACS-TSS
design and operation: formula (1) enables spatial mapping of stray current density along a given
line section; formula (2) provides the rail potential distribution required for IEC 62128-2
compliance verification; and formula (3) provides the ACS Intelligence Integration Index (AII)
for structured assessment of system digitalisation maturity. The proposed integrated ACS-TSS
achieves All = 0.84, classifying it as an “intelligent” system.

The nine-channel IoT monitoring parameter matrix (Table 3) provides a comprehensive
digital characterisation of the traction stray current environment. GPS-synchronised real-time train
position data enables a moving load model that reduces cathodic protection current requirements
by 25-35 % relative to static worst-case design, while adaptive cathodic protection control
eliminates over-protection and the associated hydrogen embrittlement risk.

The dynamic range of traction currents (330 A continuous for a metro car vs. 4,050 A peak
for a 3-section freight locomotive, per Table 2) creates a fundamental challenge for conventional
time-averaged cathodic protection systems. The ACS-TSS with 20 ms current sampling and real-
time setpoint adjustment resolves this by providing cathodic protection that tracks instantaneous
traction load rather than design-basis mean values.

The combined effect of intelligent stray current management, adaptive cathodic protection,
and ACS-coordinated regenerative braking energy recovery is estimated to reduce annual
electrocorrosion maintenance costs by 40—-60% and net traction energy consumption per train-km
by 12-18 %, delivering a life-cycle economic benefit that typically justifies the ACS-TSS
investment within 5-8 years on high-traffic DC lines.

Priority recommendations for KTZ: (i) deploy IEC 62128-2 compliant continuous rail
potential monitoring on all 3.3 kV DC segments by 2027; (ii) upgrade traction substation SCADA
to [EC 61850 with GPS-synchronised load modelling capability; (iii) integrate Al-based predictive
CP management into the national railway energy management platform; (iv) develop a digital twin
of the Almaty—Dostyk DC traction corridor incorporating real-time stray current mapping; and (v)
mandate AIl > 0.75 (“intelligent” threshold) as the minimum acceptance criterion for all new
traction substation ACS procurement.
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