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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 

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.TheentiremodelisruninMATLAB-

Simulink.Thetrainandstationsimulationsdemonstratetheviability of the proposedpowertrainandcontroltechniques. 
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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 𝐶𝑂2emissions 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,𝑆𝐶𝑠areanemergingenergystorage technologythat 

hasproventobetheoptimumstorageoptionforarailway𝑆𝐶𝑠system'soperationalfeatures[11]through[14].Dueto 

itshighpowerdensityandsignificantpotentialforenergyrecovery,𝑆𝐶𝑠haveafastcharginganddischargingtimewhencomparedtootherenergystorage

deviceslikebatteriesandflywheels[15].Ingeneral,ESSwithSCisconsideredlikeenergybufferacceleratingmodeoftrainandrecyclestheexcessofpow

erduring 

the braking mode. realizing a good balance of charge and discharge [16]. 𝑆𝐶𝑠are considered a best solution in systems which 

characterizedwith different fluctuations. 𝑆𝐶𝑠are 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 ofEMS 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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FIGURE1.
 
 
 

B. Literature 
 

A fast inspection approach for high-speed railway infrastructure monitoring is presented by Jiang in one paper [23], while Feng proposes 

anelectricrailwaysmartmicrogridsystemwiththeintegrationofdiverseenergysystemsandpowerqual

m gives railway system energy management optimization demonstrated at offline and online case studies [19], Zhang presents 

themethodusingapredictionapproach[24],Heshowntheenergyharvestingapproachforrailwaywagonmonit

plestructure[25],Sunpresentsthehybridmethodforlifepredictionofrailway[26],Novakpresentsthehierarchicalmodelpredictivecontrol 

coordinated electric railway traction system energy management [27], Sensor gives the energ

railwaystationconsideringregenerativebraking andstochasticbehaviourofESSandPVGeneration [28].

C. Contributions 

The proposed system is divided into two parts: the first deals with the stations, while the second is concerned with train 

stationsare made out of PV and wind farms, with batteries providing security for the energy storage. 

Because oftheirtremendouspower,𝑆𝐶𝑠areutilized. The followingarethenovelcontributionsmade in thisartic

• Atrainsystemthatuses𝑆𝐶𝑠forenergystoragethatisfueledbystationsandbreakingphases.

 
• ItisadvisedthatanewEMSbeusedtomanagethebuck

 
• ThePIcontroller'ssize,whichisutilizedtostabilizetheDCbusintrainsandstations.apla

wellasbatteriestostoreelectricity. 

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

managementare developed. SectionIVdiscussionofsimulationandvalidation.Theconclusionisreached in SectionV.

2.SystemDescription 

A. GlobalSystemDescription 

TheimplementingoftherailtransitandenergystrategyisillustratedinFig1.Therailwaysystemisconstructoroftwosystems.Thefirstoneisst
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. 

FIGURE1.Trainnetworktractioncharacteristic 

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 

coordinated electric railway traction system energy management [27], Sensor gives the energy management of a smart 

railwaystationconsideringregenerativebraking andstochasticbehaviourofESSandPVGeneration [28]. 

The proposed system is divided into two parts: the first deals with the stations, while the second is concerned with train 

stationsare made out of PV and wind farms, with batteries providing security for the energy storage. 𝑆𝐶𝑠and engines make up the trains. 

areutilized. The followingarethenovelcontributionsmade in thisarticle: 

forenergystoragethatisfueledbystationsandbreakingphases. 

ItisadvisedthatanewEMSbeusedtomanagethebuck-boostconverter'scurrentandtheDCbusvoltage. 

ThePIcontroller'ssize,whichisutilizedtostabilizetheDCbusintrainsandstations.aplanforarailroadstationthatmakesuseofsolarandwindenergyas

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

ssionofsimulationandvalidation.Theconclusionisreached in SectionV.

TheimplementingoftherailtransitandenergystrategyisillustratedinFig1.Therailwaysystemisconstructoroftwosystems.Thefirstoneisst
representsthedifferentstations.EachstationiscomposedbyamainenergysourceswhicharePVpanelsandwindsystem.Theenergyprovide

boostconverters,andinvertersallguaranteetheconversionof energy. An inverter connects the 
nd system to the DC bus. PV panels are connected to the DC bus using a boost converter. In order 

boostconverterisused.Thecomponentsandconstructionofthevariousstationsarethesame.AnEMSbasedonPIcontrol 

speed railway infrastructure monitoring is presented by Jiang in one paper [23], while Feng proposes 

ityenhancementinanotherarticle[24].Khayya

m gives railway system energy management optimization demonstrated at offline and online case studies [19], Zhang presents 

oringsensorwithhighreliabilityandsim

plestructure[25],Sunpresentsthehybridmethodforlifepredictionofrailway[26],Novakpresentsthehierarchicalmodelpredictivecontrol for 

y management of a smart 

The proposed system is divided into two parts: the first deals with the stations, while the second is concerned with train control. The 

and engines make up the trains. 

nforarailroadstationthatmakesuseofsolarandwindenergyas

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

ssionofsimulationandvalidation.Theconclusionisreached in SectionV. 

TheimplementingoftherailtransitandenergystrategyisillustratedinFig1.Therailwaysystemisconstructoroftwosystems.Thefirstoneisstationarysy
representsthedifferentstations.EachstationiscomposedbyamainenergysourceswhicharePVpanelsandwindsystem.Theenergyprovide

boostconverters,andinvertersallguaranteetheconversionof energy. An inverter connects the 
nd system to the DC bus. PV panels are connected to the DC bus using a boost converter. In order 

boostconverterisused.Thecomponentsandconstructionofthevariousstationsarethesame.AnEMSbasedonPIcontrol 
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FIGURE2.

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

thatpoweris transferredfrom𝑆𝐶𝑠tothemotors. 

B. DistributionOfEnergyBetweenDevices

TheexchangeofenergybetweendifferentdevicesisgiveninFig.2.Therailwaysystemisdividedindifferentstations.Thedistancebetweenstati

ethan10Km.Trainsstopineachstationbetween5and15minutes.Duringthistrains

𝑆𝐶𝑠charge from batteries installed in the stationary station by a buck

thepantographconnectedtheroofofthetrains.The𝑆𝐶𝑠

dbackto𝑆𝐶𝑠duringthetrain'sbrakingprocess.Thisenergy,whichisgeneratedbyvarious

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. 

FIGURE3

 
The form of electrical power exchange is resolved by the varied stat

theconditionswhentheengineisinalternatormode.Inthisinstance,the 

tractionmechanismconvertstheelectricpowercircle'sforwardmotionintokineticenergy.Thetrain 

FIGURE2.Powerandspeedchangebetweentrainandstations. 

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

DistributionOfEnergyBetweenDevices 

TheexchangeofenergybetweendifferentdevicesisgiveninFig.2.Therailwaysystemisdividedindifferentstations.Thedistancebetweenstati

ethan10Km.Trainsstopineachstationbetween5and15minutes.Duringthistrainsstop,themotorstrainstopworkingand

charge from batteries installed in the stationary station by a buck-boost converter. The charge of 𝑆𝐶𝑠

𝑠supplytheenergyrequiredforthemovementofthetrainbetweenstations.Theenergyis

duringthetrain'sbrakingprocess.Thisenergy,whichisgeneratedbyvarioustrains,willbelocallystoredandproducedsubsequentlyduringth

rates as a load when in tracking mode and as a power source when in braking mode. Trains and stations are 

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 

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

TheexchangeofenergybetweendifferentdevicesisgiveninFig.2.Therailwaysystemisdividedindifferentstations.Thedistancebetweenstationismor

stop,themotorstrainstopworkingand 

𝑠in the stations is insured by 

vementofthetrainbetweenstations.Theenergyistransferre

trains,willbelocallystoredandproducedsubsequentlyduringth

rates as a load when in tracking mode and as a power source when in braking mode. Trains and stations are 

es of operation of rail train engines. The train is accelerating under 
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producedbythetrainwhenbrakingisusedbytheauxiliaryinstallationsofthetrain,withthemajorityofthembeingsentbacktothe

nthesame powersupplyphase. Atthispoint,the electricenergycircleismovingin theoppositedirection.

By minimizing the power circle via the line and creating smoother voltage profiles, the installation of storage devices lower

linelosseswithouttheneedtomodifythebuilding'sinfrastructure.However,

ht,whichcangreatly impact thetrain'sdynamicrequirements.
 

 
 

FIGURE4.

 
Thetrainhas3.5MWofpower.Theprojectedamountofenergydeliveredby

 
C. ChooseOfEnergyStorageDevices 

The most suitable ESS technologies able to meet the railway system is presented in Fig. 3. Flywheels and supercapacitors are 

byhigh specific power and a large number of charge/discharge cycles. However, they 

beimplemented in urban rail transit or metro stricture. Batteries represents a low discharge time. Supercapacitors present the 

storagedispositive in terms of charging and discharging time. 

resultantsandisthe most suitable ESSdevicesforrailwaysystem.

III. SYSTEMMODELLINGANDENERGYMANAGEMENT

The control scheme for the DC bus is shown in Fig. 4. The Emergency Medical 

stationarysystem, and the secondisinthetrain. 

ThewindsystemgeneratesACpowerforstationarysystems.AAC

DCconverterisusedtoconnectittotheDCbus.UsingaBoostconverter,thePVsystemisconnectedtothesamebus.Tos

anMPPTmaximumpowerpointtrackingsystemhasbeen

Buck-Boost converter. A resistance and an inductance

A Buck-Boost converter is used in the train system to link batteries to 

anotherBuck-Boost is used. To filter the power fluctuation from the converters, a capacitor is used in parallel with the 

boostconverter. The converters are controlled by the EMS. Table 1 provides the mathematical modelling of the PV and wind syst

2provides the mathematical modelling of 𝑆𝐶𝑠and batteries. Two branches are modelled by the select

ofbatteriesbeing used. Currentflowcanbereversedin thebuck

producedbythetrainwhenbrakingisusedbytheauxiliaryinstallationsofthetrain,withthemajorityofthembeingsentbacktothe

electricenergycircleismovingin theoppositedirection. 

By minimizing the power circle via the line and creating smoother voltage profiles, the installation of storage devices lower

linelosseswithouttheneedtomodifythebuilding'sinfrastructure.However,theinstallationof𝑆𝐶𝑠onavehiclerequiresalotofroomandaddsextraweig

ht,whichcangreatly impact thetrain'sdynamicrequirements. 

FIGURE4.Configurationofthetrain model. 

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

The most suitable ESS technologies able to meet the railway system is presented in Fig. 3. Flywheels and supercapacitors are 

byhigh specific power and a large number of charge/discharge cycles. However, they present low specific energy [22]. In fact, they can 

implemented in urban rail transit or metro stricture. Batteries represents a low discharge time. Supercapacitors present the 

storagedispositive in terms of charging and discharging time. For this raison, the use of 𝑆𝐶𝑠in the braking and acceleration phases gives good 

andisthe most suitable ESSdevicesforrailwaysystem. 

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 

ThewindsystemgeneratesACpowerforstationarysystems.AAC-

DCconverterisusedtoconnectittotheDCbus.UsingaBoostconverter,thePVsystemisconnectedtothesamebus.TostabilizethePVpowerandvoltage,

anMPPTmaximumpowerpointtrackingsystemhasbeenput into place. The DC bus voltage 𝑣𝑑𝑐is stabilized, and the batteries are charged, using a 

Boost converter. A resistance and an inductancebothcontributetoalinetransmission. 

Boost converter is used in the train system to link batteries to 𝑆𝐶𝑠To pair SC's train engine and steady the voltage to 2KW, 

Boost is used. To filter the power fluctuation from the converters, a capacitor is used in parallel with the 

boostconverter. The converters are controlled by the EMS. Table 1 provides the mathematical modelling of the PV and wind syst

and batteries. Two branches are modelled by the selected 𝑆𝐶𝑠. CIMAT batteries are the type 

ofbatteriesbeing used. Currentflowcanbereversedin thebuck-Boostconverter.Thisconverter'smodellingisshowninFig.5[8].

producedbythetrainwhenbrakingisusedbytheauxiliaryinstallationsofthetrain,withthemajorityofthembeingsentbacktothe𝑆𝐶𝑠andusedbythetraini

By minimizing the power circle via the line and creating smoother voltage profiles, the installation of storage devices lowers energy 

onavehiclerequiresalotofroomandaddsextraweig

The most suitable ESS technologies able to meet the railway system is presented in Fig. 3. Flywheels and supercapacitors are performed 

present low specific energy [22]. In fact, they can 

implemented in urban rail transit or metro stricture. Batteries represents a low discharge time. Supercapacitors present the fastest energy 

in the braking and acceleration phases gives good 

System is split into two sections; the first controls the 

tabilizethePVpowerandvoltage,

is stabilized, and the batteries are charged, using a 

To pair SC's train engine and steady the voltage to 2KW, 

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 

. CIMAT batteries are the type 

Boostconverter.Thisconverter'smodellingisshowninFig.5[8]. 
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TABLE1.MathematicalmodellingofPVandwindsystem

nthe switch isclosedduring theactivephase,the inputvoltageisprovidedby:

𝑣𝐿−𝑆𝐶=𝑉𝑠𝑐= 𝐿𝑠𝑐
𝑑i𝐿−𝑆𝐶 ................................ 

(1)𝑑i𝐿−𝑆𝐶=
𝑉

𝑑𝑡 𝑑𝑡 
 

where𝐿𝑆𝐶istheinductance,𝑉𝑆𝐶isthe𝑆𝐶𝑆voltage,𝐶𝑑𝑐−

 
SincetheswitchisopenduringtheFreewheelingphase,theinductorcurrentcannotabruptlychange.Thefollowingequationsdescribetheinput v

𝑣𝐿−𝑆𝐶=𝑉𝑠𝑐−𝑣𝑑𝑐= 𝐿𝑠𝑐
𝑑i𝐿−𝑆𝐶

 ..(3)  
𝑑i𝐿−𝑆𝐶

=
𝑑𝑡 𝑑𝑡 

 
 
 

TABLE1.MathematicalmodellingofPVandwindsystemWhe

switch isclosedduring theactivephase,the inputvoltageisprovidedby: 

𝑉𝑠𝑐
 ……………………(2) 
𝐿𝑠𝑐 

−𝑠𝑐isthe𝑆𝐶𝑠buck-boostcapacitor. 

SincetheswitchisopenduringtheFreewheelingphase,theinductorcurrentcannotabruptlychange.Thefollowingequationsdescribetheinput v

=
𝑉𝑠−𝑣𝑑𝑐𝑐 

 
………..(4) 

𝐿𝑠𝑐 

SincetheswitchisopenduringtheFreewheelingphase,theinductorcurrentcannotabruptlychange.Thefollowingequationsdescribetheinput voltage 
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FIGURE5.Electricalschemeofabuck-

boostconverter.a)Activephaseb)FreewheelingphaseThemainequationofthebuck-boostconverter is givenby 

𝐿
𝑑i𝐿−𝑠𝑐

=𝑣
 −(1−𝑑 )𝑣 ……..(5) 

𝑠𝑐 𝑑𝑡 𝑠𝑐 𝑠𝑐 𝑑𝑐 

IV. CONTROLOFTHEDCBUSVOLTAGEOFDIFFERENTSYSTEMSOFTRAINANDSTATION 
 

Fig.6illustratesthebasicoperationoftheSC,train,andstationarysystemscontrolsystems.ThereferencecurrentoftheDCbusoftheSCsystem,thetrai

nsystem,andthestationarysystem,i𝑠𝑐−𝑑𝑐−𝑟ef,i𝑏𝑎𝑡−𝑑𝑐𝑇−𝑟ef,andi𝑏𝑎𝑡−𝑑𝑐𝑆−𝑟ef,arecalculatedbythePIcontrollersF(s),H(s), and J(s), respectively. The 

duty cycles of the stationary system 𝐷𝑆, train system 𝐷𝑇, and SC system 𝐷𝑆𝐶are 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). 

𝐶 
𝑑𝑉𝑑𝑐−𝑠𝑐

=i
 

 
−𝑠𝑐(1−𝐷 )−

𝑉𝑑𝑐−𝑠𝑐
−i

 
 

…..……………..(6)𝐿 𝑑i𝐿−𝑠𝑐
=𝑣

 
 

−(1−𝐷 
 

)𝑉 
 

−𝑠𝑐...(7) 
𝑑𝑐−𝑠𝑐 𝑑𝑡 𝐿 𝑠𝑐 𝑟𝐿−𝑠𝑐 𝑠𝑐−𝑑𝑐 𝑠𝑐 𝑑𝑡 𝑠𝑐 𝑠𝑐 𝑑𝑐 

 

Whereβ𝑠𝑐=1 −𝐷𝑠𝑐.Then, 
 

𝐶𝑑𝑐 −𝑠𝑐
𝑑𝑉𝑑𝑐−𝑠𝑐

=i
 

𝑑𝑡 

 

−𝑠𝑐𝛽𝑠𝑐 −
𝑉𝑑𝑐−𝑠𝑐

−i
 

𝑟𝐿−𝑠𝑐 

 
 

𝑠𝑐−𝑑𝑐 

 
………………..……..(8) 

𝐿
𝑑i𝐿−𝑠𝑐

=𝑉
 

 
−𝛽𝑉 

 
−𝑠𝑐……(9) 

𝑠𝑐 𝑑𝑡 𝑠𝑐 𝑠𝑐 𝑑𝑐 

Thereby,thedynamicequationisexpressedas: 

𝐶 
𝑑𝑉𝑑𝑐−𝑠𝑐

=i
 

−𝑠𝑐
𝑉𝑠𝑐−

𝑉𝑑𝑐−𝑠𝑐
−i

 
 

……………………..(10) 
𝑑𝑐−𝑠𝑐 𝑑𝑡 𝐿 𝑉𝑑𝑐−𝑠𝑐 𝑟𝐿−𝑠𝑐 𝑠𝑐−𝑑𝑐 

IfX=𝑉𝑑𝑐
2
−𝑠𝑐ischanged,thelinearfunctioncanbewrittenasfollows: 

 
𝑑𝑋 =𝑉 

 −𝑠𝑐
𝑑𝑉𝑑𝑐−𝑠𝑐 

 

 
…….(11) 

𝑑𝑡 
 

Where 

𝑑𝑐 𝑑𝑡 

𝑑𝑉𝑑𝑐−𝑠𝑐
= 

1 
 

𝑑𝑋 
 

………(12) 𝐶 
 

𝑑𝑋=2i 
 

 
−𝑠𝑐𝑉 −2   

𝑋
 

 
−2i 

 
𝑉−𝑠𝑐…..…………(13) 

𝑑𝑡 
 

2𝑉𝑑𝑐−𝑠𝑐𝑑𝑡 𝑑𝑐−𝑠𝑐𝑑𝑡 𝐿 𝑠𝑐 
 

𝑟𝐿−𝑆𝐶 
𝑠𝑐−𝑑𝑐 𝑑𝑐 

 

 
 

FIGURE6.Blockdiagramoftheenergymanagement. 

IntheLaplacedomain,theTF(transferfunction)betweenvoltageandcurrentisgivenby 

𝐿 
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k

𝐹𝑇 ==
𝑉𝑑𝑐−𝑠𝑐(𝑠)

=
𝑉𝑠𝑐𝑟𝐿−𝑠𝑐  ...(14) 

S(𝑠) 𝐼𝑠𝑐−𝑑𝑐(𝑠) 
r𝐿−𝑠𝑐𝐶𝑑𝑐−𝑠𝑐 

2 
𝑠+1 

 

TheTFoftheSCsystemisrepresentedby 
 

𝐹(𝑆) =𝐾𝑝−𝑠𝑐1 +
𝐾i−𝑠𝑐1 

𝑠 
……..(15) 

 

where 𝐾i−𝑠𝑐1 and 𝐾𝑝−𝑠𝑐1 are, respectively the integral gain and the proportional gain utilized for 𝑠𝑐𝑠system control.The 

train system'sTF is depictedby 

𝐻(𝑠) =𝐾𝑝−𝑇1 +
𝐾i−𝑇1 

𝑠 
..(16) 

 

Theintegralandproportionalemployedfortrainsystemcontrolarerespectively𝐾i−𝑇1and𝐾𝑝−𝑇1.Thefollowingequationrepresentsthestationarysystem'st

ransferfunction: 

 
𝐽(𝑆) 

 

=𝐾𝑝−𝑠1 + 
𝐾i−𝑆1 

𝑠 

 
……………(17) 

 

The proportional and integral gains utilized for stationary system control are 𝐾i−𝑠1and 𝐾𝑝−𝑠1, respectively. Fromequation (14) and (15) 

wededucethefollowingexpression: 

 
 
 

𝐾 𝑟 𝑉(𝑠+
ki−𝑠𝑐1

)
 

𝐹𝑇𝐵𝐹 = 𝑝−𝑠𝑐1𝐿−𝑠𝑐𝑠𝑐 k𝑝−𝑠𝑐1 (18) 
(𝑠) 𝐾 𝑟 𝑉 (𝑠+  

ki−𝑠𝑐1
)+𝑠(

r𝐿−𝑠𝑐𝐶𝑑𝑐−𝑠𝑐𝑠+1) 
𝑝−𝑠𝑐1𝐿−𝑠𝑐𝑠𝑐 k𝑝−𝑠𝑐1 

 
𝐾 

2 
 
 

𝑉(𝑠+
ki−𝑠𝑐1

)
 

𝐹𝑇𝐵𝐹 = 𝑝−𝑠𝑐1r𝐿−𝑠𝑐𝑠𝑐 k𝑝−𝑠𝑐1 ………………………………………(19) 
(𝑠) r𝐿−𝑠𝑐𝐶𝑑−𝑠𝑐𝑠2+(k 𝑟 𝑉 +1)𝑠+k 𝑟 𝑉 ki−𝑠𝑐1 

2 𝑝−𝑠𝑐1𝐿−𝑠𝑐𝑠𝑐 𝑝−𝑠𝑐1 𝐿−𝑠𝑐𝑠𝑐k𝑝−𝑠𝑐1 

 
2 

𝑉(𝑠+
ki−𝑠𝑐1

)
 

𝐶𝐿𝑇𝐹(𝑆) =
 𝐶𝑑𝑐−𝑠𝑐

𝑝−𝑠𝑐𝑠𝑐 k𝑝−𝑠𝑐1  

𝑠2+
 2 

(k𝑝−𝑠𝑐1𝑟𝐿−𝑠𝑐𝑉𝑠𝑐+1)𝑠+
2     

𝑉𝑠𝑐ki−𝑠𝑐1 
……………………..…………..….(20) 

r𝐿−𝑠𝑐𝐶𝑑𝑐−𝑠𝑐 𝐶𝑑𝑐−𝑠𝑐  

 
 

BycomparingthedenominatortothatoftheSCsystem'scanonicalform,wedetermine 
 

𝜔2= 
2 

𝑉𝑠𝑐𝐾 
 𝑛

 𝐶𝑠
𝑐 

i𝑠𝑐1 ………(21) 

{ 
𝑘i−𝑠𝑐1  = 

𝜔𝑛−𝑠𝑐
2𝐶𝑑𝑐−𝑠𝑐2𝑉𝑠

𝑐 

 

2£  𝜔 = 
2

 (𝑘 𝑟 𝑉+ 1 
Where 𝑆𝐶 𝑛−𝑠𝑐 

 𝑟𝐿−𝑆𝐶𝑐𝑑𝑐−𝑠𝑐 𝑝−𝑠𝑐1 𝐿−𝑠𝑐𝑠𝑐 

{ 
𝑘𝑝−𝑠𝑐1 =

£𝑆𝐶𝜔𝑛−𝑠𝑐𝑟𝐿−𝑆𝐶𝑐𝑑𝑐−𝑠𝑐−1 
𝑟𝐿−𝑠𝑐𝑉𝑠𝑐 

. .(22) 

Where𝜔𝑛−𝑠𝑐istheSCsystem'spulsationand£𝑆𝐶isitsdampingcoefficient. 

Theintegralandproportionalemployedfortrainsystemcontrolarerespectively𝐾i−𝑇1and𝐾𝑝−𝑇1.Theyarecommunicatedby: 
 

𝐾i−𝑇1 =
𝜔𝑛−𝑇1

2𝐶𝑑𝑐−𝑇 

2𝑉𝑑𝑐−𝑇 

 

…………(23) 

 
𝐾𝑝−𝑇1 =

£𝑇𝜔𝑛−𝑇𝑟𝐿−𝑇𝐶𝑑𝑐−𝑇−1 

𝑟𝐿−𝑇𝑉𝑑𝑐−𝑇 

 
.…(24) 

 
 

Whenthetrainsystem'spulsationisrepresentedby𝜔𝑛−𝑠𝑐anditsdampingcoefficientisrepresentedby£𝑆𝐶. 

 
Theproportionalandintegralgainsutilizedforstationarysystemcontrolare𝐾i−𝑆1and𝐾𝑃−𝑆1respectively.Theyarecommunicatedby: 

 

𝐾i−𝑆1 
=

𝜔𝑛−𝑆
2−𝐶𝑑𝑐−𝑠…………………..…(25) 
2𝑉𝑑𝑐 
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𝐾

𝐾𝑝−𝑆1 
=

£𝑠𝜔𝑛−𝑠𝑟𝐿−𝑆𝐶𝑑𝑐−𝑠−1
…………..…(26) 

𝑟𝐿−𝑠7𝑑𝑐 

 

 

Whenthestationarysystem'spulsationisrepresentedby𝜔𝑛−𝑠𝑐anditsdampingcoefficientisrepresentedby£𝑆𝐶. 

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

𝑣𝑠𝑐=𝐿𝑠𝑐i𝐿−𝑆𝐶(𝑠)𝑠+𝑅𝐿o𝑎𝑑i𝐿−𝑆𝐶(𝑠)+(1−𝐷𝑠𝑐(𝑠))𝑉𝑑𝑐−𝑠𝑐 .......................................(27) 

 

 
The𝐷𝑠𝑐and𝐼𝑠𝑐isexpressedasfollows: 

 

7𝑑𝑐−𝑠𝑐 𝐼𝑠𝑐(𝑠)
=𝑅𝐿𝑜𝑎𝑑……………………..(28) 

𝐷𝑠𝑐(𝑠) 1+
𝐿𝑠𝑐𝑠 
𝑅𝐿𝑜𝑎𝑑 

 
 

TheTFoftheSCsystemisgivenbythefollowingequation. 
 

𝐾 
k𝑝−𝑠𝑐2 

G(s)= 
i−𝑠𝑐2(1+

ki−𝑠𝑐2 
𝑆) .......................... 

(29) 
𝑠 

 
 

ThefollowingequationtranslatestheTFofthestationarysystem. 
 

𝐾 
𝐾i−𝑇2 

I(s)= 
i−𝑇2(1+ 𝑆 

i−𝑇2 
 

𝑠 
…………..(30) 

 
 

Thefollowingequationrepresentsthestationarysystem'sTF. 
 

 
𝐾(𝑠)= 

 
𝐾i−𝑆2 

(1+ 
𝐾𝑝−𝑆2

𝑆) 
𝐾i−𝑆2 

𝑆 

 
……..(31) 

Apole/zero andimposingcompensation areassumedtosimplifythetransferfunctionofthesystem:
k𝑝−𝑆𝐶2=𝐿𝑠𝑐.ThenewCLTF(s) becomes 

CLTF(s)= 1 
1+

 𝑅𝐿𝑜𝑎𝑑 𝑆 
7𝑑𝑐−𝑆𝐶𝐾i−𝑆𝐶2 

………(32) 

ki−𝑆𝐶2 𝑅𝑙𝑜𝑎𝑑 

Where 

𝑟𝑆𝐶 
=

 𝑅𝐿𝑜𝑎𝑑 …………….(33) 
𝑉𝑑𝑐−𝑆𝐶𝐾i−𝑆𝐶2 

Then,theintegralandproportionalemployedfortheSCsystemcontrolare,respectively,𝐾i−𝑆𝑐2and𝐾𝑝−𝑆𝑐2.Theyarecommunicatedby: 

𝐾i−𝑆𝐶2 
=  

𝑅𝐿𝑜𝑎𝑑…………(34) 
𝑐𝑆𝐶𝑉𝑑𝑐−𝑆𝐶 

𝐾𝑝−𝑆𝐶2 = 
𝐿𝑆𝐶  

𝑐𝑆𝐶𝑉𝑑𝑐−𝑆𝐶 
……….(35) 

𝐾i−𝑇2and𝐾𝑃−𝑇2usedforthetrainsystemcontrolisexpressedby: 

𝐾i−𝑇2 

𝐾𝑝−𝑇2 

 
=

𝑅𝐿𝑜𝑎𝑑−𝑆𝐶 

𝑐𝑇𝑉𝑑𝑐−𝑇 

 

=
𝐿𝑏𝑎t−𝑇 

𝑐𝑇𝑉𝑑𝑐−𝑇 

 
…………(36) 

 
………….(37) 

Theintegralandproportionalusedfortrainsystemcontrolare𝐾i−𝑆2and𝐾𝑃−𝑆2respectively.Theyarecommunicatedby: 
 

𝐾i−𝑆2 =
𝑅𝐿𝑜𝑎𝑑−𝑏𝑎t 

𝑐𝑆𝑉𝑑𝑐−𝑆 
……………(38) 
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𝐾𝑝−𝑆2 = 
𝐿𝑏𝑎t−𝑆 

𝑐𝑆𝑉𝑑𝑐−𝑆 
……………….(39) 

Thetimeconstantsforstationarysystems,trains,andSCsare,respectively,

 

V. SIMULATIONRESULTS 
 

ThesoftwareMATLAB/Simulinkcreatesamodeloftheentiresystemtoexaminethe

mprisetheplannedsimulationtest(train1andtrain2).Thesimulationexperimentsaresuggestedusingthesametrainandstationcharacteristic

millionyears.Variable wind,sunradiation, andtemperaturescenari

Thestation1batteries'startingstateofcharge is 𝑆𝑂𝐶𝑏𝑎

 
The𝑠𝑐𝑠usedin train1 areinitiallycharged toastateofcharge

 
𝑠𝑐𝑠usedintrain2 wereinitiallychargedtoastateofcharge

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

provideinsurancefortheenergystorage.Thesimulationtestsfortrains1and2areshowninFigs.8and9,respectively.Trains1and2charg

station1 atdifferenttimesduring thissimulationtest. Train1 arrivesatStation1 in 50secondswhileTrain2arrivesin650seconds.ThePV

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

Train1ischargedfromstation1foratimeofbetweent=50andt=350secondsataconstantcurrentofIchargeStation1=1000A.fiveminuteslong. Train 2 

charges from station 1 for five minutes with a steady current of IchargeStation1 = 1000A between t=650 and t=950. Fig. 7displ

station 1 DC bus voltage (c). 500V is the set value. Fig. 7 displays the batteries' current state of charge for station 1. (d).It isbetween

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

b)showsthechargecurrentof the𝑠𝑐𝑠from stations1 and 2thatwere usedfor train1.Figure8(cand d)displays thepower and

currentof 𝑠𝑐𝑠,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 the

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

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

Itfluctuatesbetween69%and66%,indicatinganincreaseduringchargingmodeandadecreaseduringtractionmode.
 
 
 

 
FIGURE9.Simulationtestoftrain2.(a)Chargecurrentoftrain1fromstation1.(b)SCscurrentoftrain2.(c)Loadpower

in2.(e)SoCofSCsoftrain2.

Thetimeconstantsforstationarysystems,trains,andSCsare,respectively,𝑟𝑆𝐶,𝑟𝑆and𝑟𝑇 

ThesoftwareMATLAB/Simulinkcreatesamodeloftheentiresystemtoexaminetheviabilityoftheproposedplan.Twotrainsandonestation(station1)co

mprisetheplannedsimulationtest(train1andtrain2).Thesimulationexperimentsaresuggestedusingthesametrainandstationcharacteristic

millionyears.Variable wind,sunradiation, andtemperaturescenariosareputout. 

𝑎𝑡−𝑆𝑡𝑎𝑡io𝑛1=30%. 

usedin train1 areinitiallycharged toastateofcharge𝑆o𝐶𝑠𝑐−𝑇𝑟𝑎i𝑛1of66%. 

usedintrain2 wereinitiallychargedtoastateofcharge𝑆o𝐶𝑠𝑐−𝑇𝑟𝑎i𝑛2of66%. 

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

provideinsurancefortheenergystorage.Thesimulationtestsfortrains1and2areshowninFigs.8and9,respectively.Trains1and2charg

station1 atdifferenttimesduring thissimulationtest. Train1 arrivesatStation1 in 50secondswhileTrain2arrivesin650seconds.ThePV

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

ation1foratimeofbetweent=50andt=350secondsataconstantcurrentofIchargeStation1=1000A.fiveminuteslong. Train 2 

charges from station 1 for five minutes with a steady current of IchargeStation1 = 1000A between t=650 and t=950. Fig. 7displ

us voltage (c). 500V is the set value. Fig. 7 displays the batteries' current state of charge for station 1. (d).It isbetween

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

from stations1 and 2thatwere usedfor train1.Figure8(cand d)displays thepower and

,respectively.Inthechargingmode,powerandcurrentareconstantandpositive,buttheyarevariableandnegativeinthe

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

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

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

Itfluctuatesbetween69%and66%,indicatinganincreaseduringchargingmodeandadecreaseduringtractionmode. 

Simulationtestoftrain2.(a)Chargecurrentoftrain1fromstation1.(b)SCscurrentoftrain2.(c)Loadpower

in2.(e)SoCofSCsoftrain2. 

oftheproposedplan.Twotrainsandonestation(station1)co

mprisetheplannedsimulationtest(train1andtrain2).Thesimulationexperimentsaresuggestedusingthesametrainandstationcharacteristicsover a 

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.Trains1and2chargefrom 

station1 atdifferenttimesduring thissimulationtest. Train1 arrivesatStation1 in 50secondswhileTrain2arrivesin650seconds.ThePVand 

ation1foratimeofbetweent=50andt=350secondsataconstantcurrentofIchargeStation1=1000A.fiveminuteslong. Train 2 

charges from station 1 for five minutes with a steady current of IchargeStation1 = 1000A between t=650 and t=950. Fig. 7displays the 

us voltage (c). 500V 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 

from stations1 and 2thatwere usedfor train1.Figure8(cand d)displays thepower and 

,respectively.Inthechargingmode,powerandcurrentareconstantandpositive,buttheyarevariableandnegativeinthe 

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 

Simulationtestoftrain2.(a)Chargecurrentoftrain1fromstation1.(b)SCscurrentoftrain2.(c)Loadpoweroftrain2.(d)DCbusvoltageoftra
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FIGURE7.Simulationtestofstation1.(a)PVandwindcurrentofstation1.(b)Chargecurrentfromstation1.(c)DCbusvoltageofstation1.(d)SoC

 

 
FIGURE8.Simulationtestoftrain1.(a)Chargecurrentoftrain1fromstation1.(b)Chargecurrentoftrain1fromstation2.(c)Loadpoweroftrain 

1.(d)SCscurrentoftrain1.(e)SoCofSCsoftrain 1.(f)DCbusvoltage oftrain1.

VI. CONCLUSION: 
 

This research provided the proposed techno-economic method for th

components of the analyzed system. Utilizing PV and wind as the primary energy sources, along with batteries for ESS, the arc

railroad station is illustrated. The engine and 𝑠𝑐

𝑠𝑐𝑠tothetrain'sESS,where theyarefedfromthestationsandbreaking phases.

the DC bus, an EMS is administered. The buck

proportionalgaincontroller'ssize,whichisutilizedtostabilizetheDCbusoftrainsandstations,isprovided.anexamthatsimulateswassuggestedtohavet

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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