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Abstract:

This research suggests a techno-economic approach for power storage in trains by using SCs, with a habit of lowering energy
consumption.The newlyproposed train station design having PV and wind energy sources,energy storage system (ESS)by using batteries.
SCs D 18 } X I
areintroducedintothetrainandsuppliedbreakingphasesandstationsviaapantographpositionedonthetrainateachstop.SCsareusedbecauseoftheir

high  power storing capacity and a more number ofcycles, as well as their low specific energy and rapid charging time. An
energymanagement technique is provided , voltage is managed the DC bus and current manages buck-boost converter. The size of the PI
controllerusedforrailwayandstationDCbusstabilizationisspecified. TheentiremodelisruninMATL AB-
Simulink.Thetrainandstationsimulationsdemonstratetheviability of the proposedpowertrainandcontroltechniques.

INDEYTEDRMQ.
Supercapacitors,EnergyStorageSystems,RailwaySystemControl,andEnergyManagement.

1.Introduction
A. Motivation

Energyuseandpollutionhavelargelyincreasedduringthepastfewdecades. Asmorepeoplecommutebetweencities,publictransitsystemslike  buses,
taxis, and trains have had to develop continuously. However, due to their potential to carry a huge number of passengers,
railroadtransportation systems are increasingly preferred over other traditional modes of transportation. People can now travel swiftly thanks
to thedevelopment of rail technology. Therefore, the need to improve the performance energy regulation of railway systems is dictated by
developingenvironmental challenges like climate change and COzemissions change. Due to these factors, electrified rail traffic has taken the

lead inshapingthe constructionofthepresent publictransportationsystems .

Creating clean energy from renewable sources has emerged as one of the hottest social development issues [7]. Although diverse
renewableenergysources,includingasphotovoltaics(PV)and
windturbines,areintegratedintotherailwaysystem.Anenergystoragesystem(ESS)isrequiredtoguaranteeaconstantpowersupplyandtoreacttothech
argepoweroftrainsastheymovefromstationtotrain[8],[9].NumerousESS technologies are employed in the railway system as a positive way to
increase load needs in order to manage the overload fluctuation
intherailwaypowersupplystructureduringtheheightsofcommuterhours[6],[ 10]. Theweightandvolumeofavehiclewereincreasedbytheon-

boardstorage,which promoted subsurfacestorage.

With ahighpowerdensity,alonglifespan,andawidetemperaturerange,SC;areanemergingenergystorage technologythat
hasproventobetheoptimumstorageoptionforarailwaySCgsystem'soperationalfeatures[11]through[14].Dueto
itshighpowerdensityandsignificantpotentialforenergyrecovery,SCshaveafastcharginganddischargingtimewhencomparedtootherenergystorage
deviceslikebatteriesandflywheels[15].Ingeneral, ESSwithSCisconsideredlikeenergybufferacceleratingmodeoftrainandrecyclestheexcessofpow
erduring

the braking mode. realizing a good balance of charge and discharge [16]. SC;are considered a best solution in systems which
characterizedwith different fluctuations. SCare also used in interruptible power systems to stabilized the power and bus voltage. The energy
storage inrailway system presents a challenge for researches [17], [18].Energy management systems (EMS) are currently a major challenge
in large-scale complex energy distribution networks such as railway structures. The majority of EMS railway structure research is focused
ontechnologically improving the railway system. EMS at the system level with an integrated strategy into the railway structure is
frequentlyoverlooked [19], [20]..Many articles [21, 22] present the optimal control theory for railway vehicles. EMS is used to control and

connectvariousdevicesinthe railwaysystem,includingenergystoragedevices,sources,andtrains.
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B. Literature

A fast inspection approach for high-speed railway infrastructure monitoring is presented by Jiang in one paper [23], while Feng proposes
anelectricrailwaysmartmicrogridsystemwiththeintegrationofdiverseenergysystemsandpowerqualityenhancementinanotherarticle[24]. Khayya
m gives railway system energy management optimization demonstrated at offline and online case studies [19], Zhang presents
themethodusingapredictionapproach[24],Heshowntheenergyharvestingapproachforrailwaywagonmonitoringsensorwithhighreliabilityandsim
plestructure[25],Sunpresentsthehybridmethodforlifepredictionofrailway[26],Novakpresentsthehierarchicalmodelpredictivecontrol for
coordinated electric railway traction system energy management [27], Sensor gives the energy management of a smart

railwaystationconsideringregenerativebraking andstochasticbehaviourofESSandPV Generation [28].

C. Contributions

The proposed system is divided into two parts: the first deals with the stations, while the second is concerned with train control. The
stationsare made out of PV and wind farms, with batteries providing security for the energy storage. SCsand engines make up the trains.

Because oftheirtremendouspower,SCsareutilized. The followingarethenovelcontributionsmade in thisarticle:
* AtrainsystemthatusesSCforenergystoragethatisfueledbystationsandbreakingphases.
« [tisadvisedthatanewEMSbeusedtomanagethebuck-boostconverter'scurrentandtheDCbusvoltage.

* ThePIcontroller'ssize,whichisutilizedtostabilizetheDCbusintrainsandstations.aplanforarailroadstationthatmakesuseofsolarandwindenergyas

wellasbatteriestostoreelectricity.

The remaining paper is as follows: In Section II, a description of the system is shown. In Section II, the system modelling and

managementare developed. Sectionl Vdiscussionofsimulationandvalidation. Theconclusionisreached in SectionV.

2.SystemDescription

A. GlobalSystemDescription

TheimplementingoftherailtransitandenergystrategyisillustratedinFig1.Therailwaysystemisconstructoroftwosystems. Thefirstoneisstationarysy
stemwhichrepresentsthedifferentstations.EachstationiscomposedbyamainenergysourceswhicharePVpanelsandwindsystem.Theenergyprovide
dfrommainsourcesisstoredinbatteries.Boost,buck-boostconverters,andinvertersallguaranteetheconversionof energy. An inverter connects the
wind system to the DC bus. PV panels are connected to the DC bus using a boost converter. In order
toconnectthebatteriestotheDCbus,abuck-

boostconverterisused. Thecomponentsandconstructionofthevariousstationsarethesame. AnEMSbasedonPIcontrol
ensuresthecontroloftheDCbus.
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FIGURE2.Powerandspeedchangebetweentrainandstations.

The second is a movable system that simulates trains. Supercapacitors and motors make up each train. A buck-boost converter ensures

thatpoweris transferredfromSCstothemotors.

B. DistributionOfEnergyBetweenDevices

TheexchangeofenergybetweendifferentdevicesisgiveninFig.2. Therailwaysystemisdividedindifferentstations. Thedistancebetweenstationismor
ethan10Km.Trainsstopineachstationbetween5and 1 Sminutes.Duringthistrainsstop,themotorstrainstopworkingand

SCscharge from batteries installed in the stationary station by a buck-boost converter. The charge of SCsin the stations is insured by
thepantographconnectedtheroofofthetrains. TheSCssupplytheenergyrequiredforthemovementofthetrainbetweenstations. Theenergyistransferre
dbacktoSCsduringthetrain'sbrakingprocess. Thisenergy,whichisgeneratedbyvarioustrains,willbelocallystoredandproducedsubsequentlyduringth

enextphasesof thetrain'sacceleration.

Nevertheless, the train operates as a load when in tracking mode and as a power source when in braking mode. Trains and stations are

linkedandcommunicatewithoneanother.
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FIGURE3.ClassificationofESStechnologies[22].

The form of electrical power exchange is resolved by the varied states of operation of rail train engines. The train is accelerating under
theconditionswhentheengineisinalternatormode.Inthisinstance,the

tractionmechanismconvertstheelectricpowercircle'sforwardmotionintokineticenergy. Thetrain
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nthesame powersupplyphase. Atthispoint,the electricenergycircleismovingin theoppositedirection.

By minimizing the power circle via the line and creating smoother voltage profiles, the installation of storage devices lowers energy
linelosseswithouttheneedtomodifythebuilding'sinfrastructure. However,theinstallationofSCsonavehiclerequiresalotofroomandaddsextraweig

ht,whichcangreatly impact thetrain'sdynamicrequirements.
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FIGURE4.Configurationofthetrain model.

Thetrainhas3.5MWofpower.TheprojectedamountofenergydeliveredbySCsis210MJ,or3.5MWfor60seconds.

C. ChooseOfEnergyStorageDevices

The most suitable ESS technologies able to meet the railway system is presented in Fig. 3. Flywheels and supercapacitors are performed
byhigh specific power and a large number of charge/discharge cycles. However, they present low specific energy [22]. In fact, they can
beimplemented in urban rail transit or metro stricture. Batteries represents a low discharge time. Supercapacitors present the fastest energy
storagedispositive in terms of charging and discharging time. For this raison, the use of SCin the braking and acceleration phases gives good

resultantsandisthe most suitable ESSdevicesforrailwaysystem.

1. SYSTEMMODELLINGANDENERGYMANAGEMENT

The control scheme for the DC bus is shown in Fig. 4. The Emergency Medical System is split into two sections; the first controls the

stationarysystem, and the secondisinthetrain.

ThewindsystemgeneratesACpowerforstationarysystems.AAC-
DCconverterisusedtoconnectittotheDCbus.UsingaBoostconverter,thePVsystemisconnectedtothesamebus. TostabilizethePVpowerandvoltage,
anMPPTmaximumpowerpointtrackingsystemhasbeenput into place. The DC bus voltage vg.is stabilized, and the batteries are charged, using a

Buck-Boost converter. A resistance and an inductancebothcontributetoalinetransmission.

A Buck-Boost converter is used in the train system to link batteries to SCsTo pair SC's train engine and steady the voltage to 2KW,
anotherBuck-Boost is used. To filter the power fluctuation from the converters, a capacitor is used in parallel with the engine and the buck-
boostconverter. The converters are controlled by the EMS. Table 1 provides the mathematical modelling of the PV and wind systems. Table
2provides the mathematical modelling of SCsand batteries. Two branches are modelled by the selected SCs. CIMAT batteries are the type

ofbatteriesbeing used. Currentflowcanbereversedin thebuck-B0(1))stc0n\ﬁter.”SFhisconverter'smodellingisshowninFig.S[8].
age No:
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PV PV current 7,7 Ly, =Ip—1,~1, Lo : Photocurrent
[22] Is : Cell dark saturation current
1| exp i (V/n' i /n'Rs) _ nspv - Number of PV cells
g ng_pyAKT, Tc :Cell’s working temperature

T, : Cell's reference temperature
I, R +V,, ]
pvits Py A : 1deal factor
Rs: Series resistor
R, : Shunt resistor
B q(l/,,‘. i II,‘,R_‘.) I;,0: Cell's short-circuit current at a 25°C
Tpv=Tpn=1s| exp ne_ . AKT. ~!|" E,: Energy of the band gap
o tsmpyAKT,

R,
PV current /,,

\ I, Solar irradiation
1’“.R‘. * V/n- .
s T py. I, - Light-generated current
R . ph- ) . .
) ! I, : Solar irradiation at T¢ temperature
saturation roeto(Tn 3 [4Eg 1 q: Electron charge
current /s ST\ ) P T\ T, T k: Boltzmann’s constant
Photocurrent /, G
ph Iph = (lph.n + KIAT)G—
n
Ar=T-T,
Wind  power turbine 1 4,3 p : blade pitch angle
By ==Cp(4, =V, .
P, m =35 e 2 wind C, : performance coefficient
/ : tip speed ratio of the rotor blade
G4 p) _( 21 J A : turbine swept area
& :l(ﬁ~04ﬂ~0.5}» P Jiisa goefﬁcieqt that is given by the
20 4 following equation

i coefficient 1 116 0.035 p : density of air.

A A+0.088 g3y

wind  turbine 1 3Cp(2) 5
=—prR v
torque 7, "2 2
Lo 3.1
== pAC, (A)»° —
2[’ p( )v Om

TABLE1.MathematicalmodellingofPVandwindsystemWhe

nthe switch isclosedduring theactivephase,the inputvoltageisprovidedby:

AIL—=SC ..o (1)diL—SC=VSC_ ........................ (2)
dt dt Lsc

vL—SC=Vsc= Lsc

whereLgcistheinductance,V scistheSCsvoltage,C 4. —scistheSCsbuck-boostcapacitor.

SincetheswitchisopenduringtheFreewheelingphase,theinductorcurrentcannotabruptlychange. Thefollowingequationsdescribetheinput voltage

diL—SC iL— _
vL—SC=Vsc—vdc= Lsc L(3) MLISC_Vszvdee (4)
dt dt Lsc
Device Mathematical model Abbreviations
SC SC VOltage U\'(v = ;’\"\-,\'(»r\-(- = :\"s’fﬁ(-\'] + Rl lS( CO' CapaCity (ln F)
[23] o o Np_sc C, : constant parameter
SC capacity C,=Cy+C,.v,.
v>voltage UL PP B U0 EPRR Q; - charge . ‘ .
il Ci el by (v —vy)dt. R,C; presents the immediate behavior of SCs
. i ) during fast charge/discharge
current i dv;  dQ, dv, . . .
d i =C.—t=—L=(Cy+C,.»)—+ R>C: presents the internal energy distribution
h ae de at the final of charge/ discharge
charge Or 0O, =Cyyy +%C‘,.\',2
Battery Battery voltage Viar = y-Epy +ny R Dy, R;: internal resistance of battery
[7] expression [ 1.65 (1+0.005AT) Viae : battery voltage
between 7,9 and Ciy o -005. Iya - battery current
Cg current 1+0.65. T("' np - cells in series

Ep: electromotive force as a function of the
battery state of charge (denoted SoC)

Char: capacity of battery yields the quantity of
energy
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FIGURES Electricalschemeofabuck-

boostconverter.a)Activephaseb)FreewheelingphaseThemainequationofthebuck-boostconverter is givenby

pdi=se_ —(l=d v )

sC ar sc sc” dc

IV. CONTROLOFTHEDCBUSVOLTAGEOFDIFFERENTSYSTEMSOFTRAINANDSTATION

Fig.6illustratesthebasicoperationoftheSC,train,andstationarysystemscontrolsystems. ThereferencecurrentoftheDCbusoftheSCsystem,thetrai
nsystem,andthestationarysystem,isc—gc—refslpat—der—refrandipas—dcs—reparecalculatedbythePIcontrollersF(s),H(s), and J(s), respectively. The
duty cycles of the stationary system Dg, train system Dy, and SC system Dgcare calculated by the PI controllersG(s), I(s), and K(s),
respectively. A voltage control ensures. The management of the three DC buses. The following equations can be used

tocalculatetheparameterofthisPIcontroller(F(s),H(s)andJ(s).

dVgc— . — — Vdc— . diL— —(1— —
C d;t 5C_g B sc(1-D - de=SC_: e (6)L iL=sc_, @a-bo Sc)VdC sc...(7)

_ —1
dc—sc rL—sc dt sc

Wheref3s,=1 —D,..Then,

dVgc=sc__. Vdc=sc .
Cqe —SC o L —SCBsc — L geide e (8)
rL—sc
L?L{_L_—SC:V . —ﬁV a —SC...... (9)
dt (o sc c

Thereby,thedynamicequationisexpressedas:

dVgc—s . 1% Vdc=s .
C Wae=se_; o Vsc Vde=sc ;L (10)

dc—sc dt L Vae—sc rL—sc sc—dc

IfX=Vd52 —scischanged,thelinearfunctioncanbewrittenasfollows:

ax _ _
==V, _gc®Vdemse (1)
dt ¢ dt
Where
. X .
dVdc=sc__ Loax (12) C aX=2i —s¥/ -2 —2i V=sC.crvevvvinnnn... (13)
dt 2V ge—scdt dc—scq, L sc Ti_sc sc—dc dc

- - 1

Pl D [T Buck-boost | fsca |

(i) 5C | DC bus
)

| Vier

Pl Dy Buck-boost |l ‘
m Train | | DC bus

Pl Dy Buck=hoost |ibardes | )
(K) Station | DC bus -

FIGURES6.Blockdiagramoftheenergymanagement.
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TheTFoftheSCsystemisrepresentedby

Ki—scl
Fo=Kp g1 ¥ (15)

N

where Ki_;.1 and K,,_, are, respectively the integral gain and the proportional gain utilized for sc,system control. The

train system'sTF is depictedby

i=T1

Ki
H(s) =Kp—T1 + (16)

N

TheintegralandproportionalemployedfortrainsystemcontrolarerespectivelyKj_riandK,,_r1. Thefollowingequationrepresentsthestationarysystem'st

ransferfunction:

The proportional and integral gains utilized for stationary system control are K;_s1and K41, respectively. Fromequation (14) and (15)

wededucethefollowingexpression:

K r kj—scl
—sc1L—ses¥ 5T
FTBF = posetl—sesl G+ )0 (18)
) K 7V GF ) st
p—sclL—scsc kp—scl 2
K kij—=scl
FTBF = posctrisesd St d (19)
(s) I=sc*d=sc2i(x T V +1)s+k r V  ki=scl
2 p—sclL—scsc p—scl L—scsckp,scl

2 ki—scl
el G5

CLTF(5) = e irt ol oe DS bV get | eovereesmosesess s (20)

1 —scCdc—sc Cdc—sc

BycomparingthedenominatortothatoftheSCsystem'scanonicalform,wedetermine

wi= 2 VscK
n - isc1 @D

cy e
c

{

k. L= mn—scszC—SCZVS
1—ScC

(4

260 = °  (k r V+1

Where SC n—sc TL—SCCdc—sc  p—scl L—scsc

..(22)

k 1 =£SCwnfscrL75CCdcfsc_1
—SC
P TL—scVsc

Wherew,_cistheSCsystem'spulsationand£ scisitsdampingcoefficient.

TheintegralandproportionalemployedfortrainsystemcontrolarerespectivelyK;_riandK,_r1. Theyarecommunicatedby:

2
_Wn-T11"Cdc—T
Ki_“—ZVdC,T ............ (23)

_ETwy_77,—7Cac—1—1

K, _
p-T1 TL—1Vdc-T

Whenthetrainsystem'spulsationisrepresentedbyw,,—scanditsdampingcoefficientisrepresentedby£sc.

TheproportionalandintegralgainsutilizedforstationarysystemcontrolareK;_gyandK p_gjrespectively. Theyarecommunicatedby:

2
__Wn-s —Cdc—s
Kigt = e (25)
2Vdc
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TL—s7q4¢

Whenthestationarysystem'spulsationisrepresentedbyw, —s.anditsdampingcoefficientisrepresentedby£c.

Acurrentcontrolensuresthebuck-boostconverter'scontrol. ThefollowingequationsareusedtocalculatetheparametersofthisPIcontroller(G(s),
I(s),andK(s))accordingtothesamemethodology:

Vsc=Lscl—s¢(8)S+R1oadi—sc(S)+(1=Dsc(S)Vac—sc o 27

TheD;.andl g isexpressedasfollows:

7 de—
m:RLogdc = (28)
Lol ttrrr e
Dse(s) 1+fs
Load

TheTFoftheSCsystemisgivenbythefollowingequation.

Kosea QP
= sz (29)

S

G(s)

ThefollowingequationtranslatestheTFofthestationarysystem.

K.
K i—-T2
i-T2(14 N

I(s)= ﬁ .............. (30)

Thefollowingequationrepresentsthestationarysystem'sTF.

K. 1+ IES)
52 Kiise
K(s)= e (€28

. . . L . kp—
Apole/zero andimposingcompensation areassumedtosimplifythetransferfunctionofthesystem:-2=“=Lsc ThenewCLTF(s) becomes
ki—sc2 Rioad

CLTF(S)Z# ......... (32)
I 7dc—SCKi—SCZS

Where

R
o =——hkoad . (33)
Vac—scKi—sc2

Then,theintegralandproportionalemployedfortheSCsystemcontrolare,respectively,K;_sc2andKp, s> Theyarecommunicatedby:

_ RLnad
Ki_scr = e (34)
scVdc—sc
Lsc
Ky ¢oo= " il 35
p—Sc2 cscVdc-sc (33)

Ki_r,andK p_rousedforthetrainsystemcontrolisexpressedby:

—Rioad-sc

Kira =700 s (36)
_Lpat—t

Kp 12 = Ve T (37)

TheintegralandproportionalusedfortrainsystemcontrolareK;_s,andK p_g,respectively. Theyarecommunicatedby:

__Rioad—bat
Kiogy ="Hos=bet (38)
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Thetimeconstantsforstationarysystems,trains,andSCsare,respectively,rsc,rsandry
V. SIMULATIONRESULTS

ThesoftwareMATLAB/Simulinkcreatesamodeloftheentiresystemtoexaminetheviabilityoftheproposedplan. Twotrainsandonestation(station1)co
mprisetheplannedsimulationtest(train1andtrain2). Thesimulationexperimentsaresuggestedusingthesametrainandstationcharacteristicsover  a

millionyears.Variable wind,sunradiation, andtemperaturescenariosareputout.
Thestation1batteries'startingstateofcharge is SOCpq¢—station1=30%.
Thescsusedin trainl areinitiallycharged toastateofchargeSoCg.—_ryqin10f66%.
scsusedintrain2 wereinitiallychargedtoastateofchargeSoC sc—7rqin20f66%.

The simulation test of station 1 is shown in Fig. 7. A microgrid using PV and wind as sources has suggested this station. Batteries

provideinsurancefortheenergystorage. Thesimulationtestsfortrains1and2areshowninFigs.8and9,respectively. Trainsl and2chargefrom

stationl atdifferenttimesduring thissimulationtest. Trainl arrivesatStationl in 50secondswhileTrain2arrivesin650seconds.ThePVand

windareshowninFig.7(a).thatisvariedbetween 1200Aand3000A.Fig.7depictsthechargecurrentofstation1(b).

Trainlischargedfromstationlforatimeofbetweent=50andt=350secondsataconstantcurrentoflchargeStation1=1000A.fiveminuteslong. Train 2
charges from station 1 for five minutes with a steady current of IchargeStation]l = 1000A between t=650 and t=950. Fig. 7displays the
station 1 DC bus voltage (c). SO0V is the set value. Fig. 7 displays the batteries' current state of charge for station 1. (d).It isbetween 30%
and 50% represented. Train 1 charges between t=50 and t=350 from station 1, and between t=800 and t=1000 from station 2.Fig.8(aand
b)showsthechargecurrentof thescgfrom stations1 and 2thatwere usedfor trainl.Figure8(cand d)displays thepower and

currentof scg,respectively.Inthechargingmode,powerandcurrentareconstantandpositive,buttheyarevariableandnegativeinthe

traction mode. As seen in Fig. 8, train 1's DC bus voltage is 2000V. (e).Fig. 8 displays the stat of charge for thescsof train 1. (f). It

rangesbetween 61% and 67% and shows an increase when the vehicle is charging and a decrease when it is in traction mode. Between

t=650s andt=950s,Train2accelerates outofStation1.

Itfluctuatesbetween69%and66%,indicatinganincreaseduringchargingmodeandadecreaseduringtractionmode.
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FIGUREY.Simulationtestoftrain2.(a)Chargecurrentoftrain1 fromstation1.(b)SCscurrentoftrain2.(c)Loadpoweroftrain2.(d)DCbusvoltageoftra
in2.(e)SoCofSCsoftrain2.
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VI. CONCLUSION:

This research provided the proposed techno-economic method for the energy storage utilizingscgin the train. The station and train are thetwo
components of the analyzed system. Utilizing PV and wind as the primary energy sources, along with batteries for ESS, the architectureof a
railroad station is illustrated. The engine and scgmake up the train. A pantograph mounted on an air power line at each stop supplies

scstothetrain'sESS,where theyarefedfromthestationsandbreaking phases.scsareusedbecausetheychargeanddischargequickly.Inorderto stabilize

the DC bus, an EMS is administered. The buck-boost converter's calculation of its parameters The

proportionalgaincontroller'ssize,whichisutilizedtostabilizetheDCbusoftrainsandstations,isprovided.anexamthatsimulateswassuggestedtohavet

is given. integral and
wo trains and one station. The station is where the trains refuel at various intervals. The outcomes demonstrated that the proposed EMS

andsystemdesignperformwellinstabilizingtheDCbusvoltageandrespondingtotheengine'sdemandforenergy. Theuseofthistechniquewithan

ACenginewill be thefocusoffuturestudies.
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