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Absttact*'I'hc ptcscnt. papcr is focused on thc supcrcapacitors technologics-applicatrons on vehiclcs..As complcx mcchanical and

clectrical .;yr,"-r, vehicles applications are rhe icleai fiek1 of application for mobile power supplics and Fcrr storage dcvices

(sup"rcap".ito.s) which arc att;;hcd at these. ln the paper we have made an ovetview of the main rypcs of thc supcrcapacitors ancl their

charactcrisdcs. Wc have ciescribed a test bench fot these devices, in order to illusttate the measured charactcristics of thc aqueous,

,,stackeci", electric cloublc layet supetcapacitors @DLC). Also, two appiications of supercapacitors: a starting system for iocomotivc anrl

an cnergy managcment ,y.,.- -.r. iescribed. We have also clesctjbecl some advantagcs of a composecl solution that uses power

.l.atronl. systems and a combination betwecn batteries and supercapacitots in order to ass.re encrgy ancl cost e{tflcicnt system solutlons'

Inclcx Terms. aqucous, tiDt,C, enetgy managemcnt, ICE, "stacked", vehicle'

I. INTRODUCTION

Nowadays, am()nll the challenging targets for thc

vchicles designers are: incrcase encrgy efficiency and

pctformance of vehiclcs, avoidance of the air and soil

pollution, and prcscrvation of a clean environment' Ilor
vchicles, a lot of phenomcna's are represented by an

exchange of cliffcrent form of energy and, in this case, the

ro]e of thc storage clcvices became crucial toward the

increasc of thc energy efficiency. The progresses of nano-

technologics lead to thc possibility to think about the

feasibility and thc reliability of the electrical storage

solutions by using supercapacitot technology.

In all the domains whcte the Form of the encrgy is

convertecl from clectrical to mechanical or chemical, and

vice versa, the storage elements with rapid releasc of energy

have a crucial role by assuring the requirecl power reserve

neccssary to reach an optima-l rcgimc for energy converters'

In particular, thc vchicles can include such storage devices

for ICE st2rrting systcms, start boostcr, recuperatlve

breaking and electric energy management systems.

Supercapacitor technology has not reached yer its

technical or market potential due to the limitations of the

liigh-voltage solutions currendy availablc on the market:

cosl, rcliahility, opcradng lcmpcrarurc rangc. and

cnvironmcntal c()ncerns. In 'addition, the broad

dissemination of the technology has been limited due to the

lack of knowlecige rcgarding thc preciiction of the

supercapacitors' behavior under actual ficld conditions and

the lacl< of expcrience with their system integraflon'
Combincd solutions, l,-A batterics and supercapacitors'

can bc considcrcd as fln oPLimum compromisc in terms oF

energy cconomy, materials, size and cost (including

maintcnance costs)[9]. \X,&ile for batteries the starting

process is difficult at low tcmPeratures, by using the

combinccl solution, thc battery will be protected and this

fact significantly improvcs thc ICli's starting Process. By

providing intelligent and adaptive switching of the electric

starter ancl of tl're cnergy source composcd by 
^

supetcapacitor and a battery, tl-re response of the starting

systcm can be optimized. Also, afterward, the charging

process of thc batteries can be better controlled with

c()nsequenccs on battery's reliability and life time.

II. STORAGE DEVICE USED FOR THE COMBINED

ENERGYSOURCE

The bteakthrough of the widespread application of the

supetcapacitor technology will only be possible when

appropriate high-voltage supcrcapacitot solutions will be

cleveloped to fulfill recluirements such as voltagc levcl, cost,

reliability, oPerating temPctaturc range and environmentai

conceros. The solutions involvc not only an improvement

of the cell performances but also to think about assembly

of the cells that will form the suPercapacitor dcvices.

This comparison of "high-voltage" assemblies should

include at least the following topics: energy density, powcr

clensity, inner resistance, temPerature range of operatron,

geometry of elementary cells, rype of package (used to

create the device including the case material that influence

the shocks and vibration rcsistance), form factor that

determinc the symmetry clegree of thc electrical ancl thermal

field inside the device influencing the rcliability

performance, aging, and environmental effects (relating to

operation and end- of-life disposal).

The basis of the most high-voltage solutions available

on the market nowadays is wound-cell supercapacitors in
combination with otganic electrolytes' A range of organic

electrolytes are currendy in use, such as acetonitrile' ionic

liquids or propylcne-carbonatc €C)' In a singlc

supercapacitor cell 1cvel, this approach has an important

advantage: it enables a higher level of encrgy density in

companson to aqucous based electrolytes' But, by

connecting in series the cclls, the cliffercnces between cells

need an implementation of a balancing system for the high

voltage devicc. Inherently, this makes it vulnerable from the

following point of views: reliability, thermal constraints znd

stability of the obtained high voltage device. Moreover, the

acivantage of the implcmentation of thc organic electrolyte

in respect to the energy cicnsity on systems lcvel becomes

noticeably smaller and can be cstimatcd to be rcduced at

least by a factor of 1.5 - 2, with lower rcliability and higher

cost f9l. In acldition, organic electrolyte materials such as

acetonitrile can cause environmcntal concerns, and have

significant constraints rcgarding thc rangc of thc operating

tempefaftrfe.
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Fcaturc Organic Electrolytc
Aqucous based

elcctrolyte

I,)ncrgy I)ensrty
Flighet fot singie cclls

l,owet level fot singlt

cells.

l)ower l)cnsity Ilighcr Lowct

lnternal

reslst2ncc I Tigher

Lower - suitable for

high ftequency,

prolonged cycling

I{C timc coflstant LI i*h.,r f,orver

Iinvironmcntal

conccrns

Ooulcl generatc poisonc,

vaPoufs
_t\ o

I{ccycling phasc Nccd spccial procedurer Any special

'fcmpcraturc

rangc

tJppcr limit 80oC boiling

point of acetonitrile

PC high viscosity at low

temPefarufc

Range: 40oC

+70"c

Ileliability Negativcly influenced b,

balancing system

Don't need a

balancing system

State of the art o:

manufacturing

tcchnokrgy

Ilighiy developcd
Modetately

developed

I)ricc of
clcctroclcs

High l.ow

Pricc of
eJectrolytes

F{igh L,ow

Price of "high

voltage clevice"
lliglr Low

'1'All]-ll I
(]OMI)A.I{A-]'IVIi'I'AI]I,I1 BI INTIIIIN OI{GANIC ANI) AQUIIOIJS

I iI,I i(]'I'tTOI,YTII STJI]I iII.CAPACTI'C)RS

Aqueous-basecl elccffolytes rePresent a feasible

altcrnativc to thc organic electrolyte materials. Obviously,
the voltage levcl and consequendy the level of the energy

dcnsiry on thc single supcrcapacitor cell level are lower
when aclucous-basecl clcctrolytes arc used, due to tl-re lowet
level of thcir decomposition potcntial. But they cost much
less, bavc a lowcr lcvcl of inner resistancc, havc potentially
a cluitc wide range of operating tcmpcrarure, and are

completely free from any environmental concerns. By
connccting thc cclls in scrics in a "stacked" structure the
volumc, stability and power density of devices became

intcresting for "high voltage" applications.

coMpAnrs( )N Bn-rur ir{r I is $f',]*,lno.t'rc)R PIIRFORMANCTIs

Also, the chemical and dynamical stability of thc devicer

are very goocl. I)ue to the form factor ancl packaginl
technology thcsc "high voltagc" dcvices don't nee(

aclditional balancing systcms and prcsent a high symmetrr
that avoid the krcal thermal or electrical stress, cleterm.inin;
a high reliabiliry ancl cyclabiliry of the dcvices.

In table I it is given a comparative image [10] of tht
main two supercapacitor technologics, with organic ()r

inorganic elcctrolytcs.
Thinking at the cntirc system, which is organized ir

levels and is specially designed for vchiclcs applications
none of the actual supercapacitor tcchnologics offer a rea

solution from the high energy and powcr densiry point o
view. Thus, For velricles, a composcd supply fllattery anc

supcrcapacitor) with the appropriate power electronrc anc

conffol can offcr cnergy ancl cost cfficicnt solution for z

specific application. ln table II, a comparison of the mair
features of tlre batteries ancl supercapacitors is madc [91.

In ordcr to build up the composcd sources w(
determincd thc curtcnt-voltagc characteristics of tht
batteries ancl supercapacitots. Iror that, we designed anc

implementecl a test bench declicated to the baftcries anc

supercapacitors. This includes the fcrlbwing elements: z

laptop necessary to integ'ratc ancl control all the elcments
respectively: the powet suPply driven by PC (chargc profile,
used to control the charging proccss of the dcvice undel
test and to control the voltage anclf <r the currcnt provided.

Thc mcasurcmcnt system v/as built ar()und the NI 6215

data acqr-iisition card, linked to PC by IJSI) bus, with 16't

isolatecl analog inputs, each of thcm having 16 bit:
resolution-250l$/s. Two of tlre input channels 

^r(
dedicatecl to tlre acquisition of thc current and voltag(
providcd by rwo Flall current and voltage sensors. The
discharging proccss is implemcntccl using a digita
controllecl active charge appliecl to the terminals of the

device under tcst. Also, it is ablc to control the dischargr
parameters - curr€nt and voltagc vxriation fo-tlowing a pre-
defined profile. In trie. 1 we prcscntcd thc structlrre of th<

test bench. In both cascs, the cr mmutation clevices

function in PWM regime in ordcr to minimize the

commr-rtation losscs.

usr f 
*l

:**"1 * IrT-
| ,.*;lt

I 
e6ar.

,, I -*:*
1* "",

tltl
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Fig. 1 Scl-rcme of the test bench

The parameters of thc tcst bcnch systcm are: nominal
power 1I(W, maximum frcquency 101'Iz, maximum voltage
18V, and maximum current 554. Also, thc tcst bench
accepts a pre-defined current/voltage/ charge or a usct
clefined profile for charge/discharge process.

As tievice undcr test wc usc.l x sufcrcaplcit,r at

350F /14V produced by I-iCOD * Russia. Ijor this

Fcaturc Supercapacitor Battery (L-A)

Uncrgy .lensity Low (1-30{<J/kgf High (>1OOKJ/K$

Specific Powcr

clensitv
rligh (s-20Kw/Kg) Low (<1K\V/Kg)

Cyclrbility High (>500.000 cycles)
)-ow (<500 1000

cycles)

[)ccp ciischarge Allowed ( till 0\)
Not allou'ed @oD

<20ok)

llC time constant Low High
'1-cmperature

rangc
l.,atgc

Limited speciai For

Iow tcmperafufes
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supcrcapacitor it was measurecl the self discharge

charactcristic at diffcrcnt maximum voltages, respectively at

17.5Y (12501, V1), 1(rV (114%,VN), 14Y (100o/o VN) and at

12Y (85'''1, V1). These characteristics are presented inltig' 2'

As a result of thc testing carricd out, we can conclucle

that thc supcr capacitor will provide an accurate response

to thc cncrgy managemcnt system if the voltage applied on

it is lcss than 715"/o of its nominal valuc' The response

providccl by the supercapacitor is assured without any

damagcs or sienificant degradation of its quality of voltage

re{rulation.

combined power supplie s solutions as possible cnergy

sources on vehicles - in our casc a diesel hyclraulic shunting

locomotive solution.
Thc systcm dcvcl,,pctl implemt nts thrt:t main

functions: optimize de starting pr()cess of thc ICLj, stabilize

the voltage provided by the locomotive power gencrator

and optimize the charging pr()cess of the existine batteries

from the locomotive. We can mention thc fcrllowing

aclvantages of tbe system: recluction in both caPital and

operating costs, imProvcd reliability ancl availability, and

cxtended tcmfcratufc rrngc of operali,rn.

To meet the functional rccluircments, a combined

energy storage system should inclucle an appropriate enctgy

management system.

A prototype of a supercapacitor-based starting systcm

for a diesel hydraulic locomotive was clevclopecl in the

frame of the network of scveral partners from the CC)ST

Action 542. The starting system was basccl on a high-

voltage supercapacitor with aqucous-bascd elcctrolyte ancl a

purpose-built energy managemcnt system' Thc starung

system was successfully tested on a diesel hydraulic

.i-,rrnti.,g locomotive, LDFI1250 model' Finally, the

developed system was integrated into the energy

management system illustrated in lrig. 3.

Thrrs or.,r system includes four sub-systems, all of them

implementing specific tasks.

rril,04.mil61ft!\f 5C ilH". r4i$ Slu :. ! +4r:l

tt' 
,a

Iris. 2 SC's charactetistics zt1,25o/o of Vr'r, i15% of Vn and at VN

III. CASE STUDY: ENNNGY MANAGEMENT SYSTEM

FOR SHUNTING DIESEL HYDRAULIC LOCOMOTTVES

We have devekrpecl 2n energy management svstem as a

case studv in ordcr to illustrate the fe asibility of the

d€Btallturrupbl tl

LinitoiDfsrgB

c t5t -L--t-
.qJFER DA FAD ITOR

Fig. 3 Scheme of energy management system mounted on locomotive LDII1250[ll]

The frst sab-systeru (1) assures the control of the ICE's

starting process. This can be possible by controlling the

switching pov/er devices in order to charge the

supercapacitor at the beginning of the process. After that,

under the guidance of the locomotive opcrator the sub-

system has to supply the DC starting motor from the

supetcapacitor and after-ward from the batterics.
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The second sub-qstem (0) is usecl by thc locomotive
()perator in ordcr to initiate the starting process of the ICE
by transmitting tbe command to thc sub-system (1). As we

mcntionccl above this is possibJc by successively switching,
first the supercapacitors and then the batteries in the DC
starting motor circuit. During this process, the third vb-
systert (1.4) monitors the current and voltage on the DC
starting circuit. It also ad]usts the delays berween the

exchange of thc different polver supPlies in the DC motor
circuit clcpencling on the starting conditions, such as the

voltage level of the batterics and their State of Charge

(SoC), ambient tcmperature and temperature of the cooling
water o1r the ICI:I, oil pressure, produced by pumps inside

of thc ICF).

The Joarth sah-systen (19) is usecl to manage the chatging
proce ss of the batteries exiting on locomotive after tl'le start
of tlrc dicscl cngine was made .

Synchronously with the switching on of the batteries in
tbc DC starting circuit, the sub-system monitors the

rotational speed of the ICE ancl also the oil pressure

crcated at tl-re level of the locomotive speed regulator.

Thesc actions arc undertaken to detect when a stable

rcgime for the ICIF, has been reached, to switch off the

batteries in the circuit of the DC starting motor and to end

thc starting proccss, thercby obtaining an optimal ICIJ start
control.

The components of thc energy management system,

rcspcctivcly the panel PC (0), tire l\Tmeagal'Z8
microcontrollcr bascd sub-systems 0), (19) and the

A\T.32\JC3 based sub-systcm (14), are together connected
by an l.)thernet bus where it also was inserted a switch that
is not clrawn in above mentioned figure. This system is

adequatc to the data flow transmitting process because it
assures the galvanic insulation of tire all sub-systems and

the eltFective protcction ftom all elecro-magnetic
disturbances thai could appear. Thc bus supports the

transfer of thc tclcgrams between the sub-systcm

c()mponcnts in accordance with their specific time
constants.

\iVhe n thc ICIri of the locomotive is active (running), the
rolc of thc cnergy managemcnt system is changed.

Tlrc sub-systems (19) and (14) serve to cootdinate the

battery cl-ratging process. Using tbe Coulomb methocl [2],

[3] the microcontroller accurately mcasures all the cutrents
rclatecl to the battcry systcm.

SoC is defined as the perccntage of the full capacity of a

battery that is still available for further discharge f4]. Tbe

Open Circuit Voltagc (OCD method, developed by
(lhristianson et al [5], is based on measuring the bettery

voltagc (Vr,") with higb accuracy and tlre internal rcsistance

(R.) at a mcasured current (l):

OCV=VI*+I'R (1)

In Lcad Acid (t,A) batteries the dependcncy between

thc OCV and thc SoC is quasi linear. The combination of
thc OCV mcthocl with thc Coulomb method (based on thc
intesration of current absorbecl or provided by batteries)
enablcs the valiclation of a SoC value at any time with a

good accuracv.

The microcontroller st()rcs the valucs cotrcsponding I

the maximum charge stored on batteries. Also, it enabl,

the determination of thc real valuc of SoC accordins to tl
above mcntionccl relationsbips [61.

To measure thc Elcctro Motjve Force (L'IMF), tl
"voltage relaxation" method was used. This invoives tl
measurement of thc battery voltage rclaxation in relation r

the BMF value after cLurcnt interruption. Tb
measurement may take a long time, cspecially if thc batte
is almost empry, if ambient temperanrres are low, or aft
the implementation of a bigh discharge currcnt rate [], [8]
Before mounting the batterics on thc locomotive, a I-ooJ

UP Table (l-UT) analysis was cartiecl out using thc EM
values for cliffcrcnt SoC. These values were obtained I

usine the results from preliminary trials. To calculate tl
acrual value of the SoC, thc intcrpolation formula wZS uSe,

EMF -V,SoC: SoC, + .(SoCo -SoC) (
vr-v,

where fr'r,,SoCr.) and (Vr,SoCr) rePrcscnt fwo poin
corresponding into the LIJT that inclucles tl
characteristics of the battery which was uscd. Bascd on tl
measured IiMF values, the SoC has becn calculated i
means of thc linear intcrpolation. Accordingly, tl
following switches were inttoduced: (17) which insulat,
the generator in order to cnable high-precisic
cleterminatirin of the voltagc gcncratecl by (tt); and (1 8) th
repre se nts the main switch f<-ir the elcctrical se rvic,
provided on the locomotivc. The citcuit switch (2i

(including a high precision currcnt sensor in this circui
insulates the battery in orclcr to measure and to monitor i
voltage, the rclaxation time and implicitly its State r

Charge (SoC) with high accuracy. The sampling rate f<

SoC is vcry low (rctwecn 5- to (rO-min. periocls) ancl

adapted from the values obtained ancl stored in the I.UT.
In orde r to prcsct the chargir-rg current tbr tt

supercapac.itors it is mandatory to clcterminc their So(

Also, t1-ris is rccluircd in orcler to cnsure suitable con<litjor
for starting tlre locomotivc's ICI.'1. Thc microcontroller sul

system (19) it also takes into account the tempcrature fror

the room of the batteries as thrcshoid signal to prote
them against ovcrhcating.

IV. IMPI-EMENTATION

For the new starting system LA batteries 150Lh/96
were used - this corresponds to less than half t1-re capaci
of the batteries that the locom<>tive initial-ly ha

(360,\h/110V). The battcries wcrc combined with
supercapacitots 1"2F / 110Y conncctccl in patallel (provide

by trC()ND Company). These stackcd supcrcapacitors wil
aqueous-bascd elecrolytc have an Equivalent Serir

Resistancc (tlSR) of 20m0. Their tempcraturc operatic
rangc is situated betwcen -40"(l to +60"C, thcir weight
about 40 kg cach, and the energy storcci on each is 72I{
Thc total re sistance of tl-re wires that conncct tt
supercapacitor and the starting motor was about 10-15m(
For the chargtng proccss of the supcrcapacitors, a switchir
device (4), consisting of a CMOS transistor (824/150\
was used. After the charging phasc, thc thyristor (
controlled by thc sub-system (1), will dischatge tt
supercapacitors clirectJy on the DC scries motor (Ihyrist<
parameters 3500L/1200V produced by IIUPITC). Tt
switching dtvicr (t3) is an I('llT rr 60(ln f l2Ot)Y lrt r

.tlp

- li1r1.d r
^;

Q(t) = (2)
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PO\flERllX' This clevice apPlies thc voltage fu?T 
^ 

battery

on DC scrics motor (8) in thc second phase of the starflng

Droccss of the tCfi (scc lrig' 3)' at the optimal moment'

I.i.l rft" control of'thc suL-system (1)' Since the tacho-

generator of thc locomotivc pioviclcs data on. the acrual

:;";.i ;;i ,r"'" rcr, it has been uscd as a rotational speed

scnsof.

The conttol scqlrcncc implemcntecl by the control power

switching system (1) is shown in fiig' 4'

Thc sub-systcm (0) is implemented u'sing a panel PC

with a IGFIz t.I",,,rr mitropi-ocessor touch screen and twcr

iiir-r".n", interfaces (1 OOMbit. Sr,rb-systems (l 
I 1nd 

(1 9) are

singlc board computers, {SeC]. p^tta on.ATmega 128

miir.rcontrollers cnclowed with lithctnet controllers'

Sub-system (14) is implemented using an A\rR32UC3

controller and it is also connectccl to thc Ethernet bus by a

,o".ifi. control.ler. A switch is used betwecn the above

,i':;;;;J;i;^"r',, i" order to interconnect them in a local

network.

V. EXPNNTUNNTAI-RESULTS

To compare both starting systems - the 
.old-fashioned

onc with the new o"t, *ltith has half-sized batteries

combined with supcrcapacitors-the voltage and current

variation cluting thc starting proccss were measured ano

;ty,J Hall rcnsors fot t"'it"g., and curtent were used fot

.n."'rnr"*..t, (accuracy 0'2olt)' The blue linc rePresents the

.."ri"".a Parameters' for the old-fashioned starting system

ancl thc recl linc represcnts the new starilflg system

including sLlPercaPacttors'

Th. variation of thc voltage during the statting Process

(X-axis reprcsents thc time' Y-axis represents the voltage

)**J.,tl'i. ,ho*.t in Fig' 5' This shows that duc to the

mft.rn"na^ai,rn of the toptttupotitors the voltage drop of

thJ bon.ri.o cluring the ''t"tti"g process was reduced by

more than 5 trmes; lt means that tbe lifespan of the

tattcries and their cfficiency will be considerably improved

as a result. As shown in Fig' 5 ' when the new startlng

,rt"- i. used the ICfi eniine reeches.the "idle speed"

1-ini-n- stablc revolution- speecl) in less than 200ms'

Ncverthcless, due to the exisiing speed regulator which

ncecls a longer ume to allow the IdL io reoch a stable speed

1ar",o its cr1<l fashion ciesign), it was necessary to supply a

5C ..rrti.tg motor' (If a more modern/efficient/accurate

spced regulator ts usecl, it is likely p-o^ssible that the

,i p"r.^p^.it,rrs ancl batteries would be sufficient to achieve

;:;;;il-;""ing pctformance without needing the DC

stxrung motor')
Thcvariation<lfthccurrentcluringthestartlngpfocess

i, p.crent"d on the lrig' 6 (X-axis rePrescntji.time; Y axrs

represents cufrent varration)' Thc variation of tlre current at

th" b.gi.,ni.tg of thc starting process is cleady different

b.t*..,]tlreoldandnewSystcms.Thesupercapacltof
cncrgy impulston proviclecl to the DC series motor will also

-,,"fir,.:--:-=--J : '-:-l - l- ir:-'-I -l :-- l';

"{ll, I ,

-'l
"lli \ l

I '\i

. "'"ll ttnt Ir--,",.|, ',lt 
"r,,r..,i .

li I\"i: 'iir"i- i '.. --rq

f' , ' \",r",.,\ l',"*0,
j'

q/'t'v'"\/'l
.t
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Fig. 6 Current variation during the staning proce-ss fot the

LD[{1250FIP (bluc), and thc currcnt v:rrietion (recl) during thc

;;;;;;;"'; j";g"x;::lx^lli;-,l]?il.:J'owcclwi'lh'lhe

I;io. 5 Vo)taqc r lrialion during tht st'trting proccss.[r rr lht

l .Oii riS,,iri;fulue)' anti th" u"LL'g' vrriati"n gt tll tlunng thc

starting pro..r, for the protory?c l 'I)L11250 cnclowccl with thc

new enefgy mallagement systcm

improve the clynamic response oF the systcm, in a similar

i".ii,r.t to a crank' [n situations in which there are

successive startlng processcs thc remaining cncrgy from the

prevlous process can reducc the charging time of thc super-

capacltors.
The energy management system which. rvas clcvcloped

allows the switching proccss betwcen the two energy

sources (supercapacitors and battertcs) to ()ccur

""r"*"t.^ify, 
.1.p..tt1ittg on the tempetarure and oil

Dressure wrrhin the ICL'
"-'il;i-po.t^t.t .f having a power-supply with a very

low level of the IjSR at the beginning of the proc€ss should

be emphasized (see Fig' 7)' , . r
In accotclance with thc charactcristics of a DC series

excited motor, the designecl system ,leacls 
to an

i-fr"".-"", i,.t the "crank cffcct" for thc tCE'

Sim.,ltanco,rsly the system Pr()tccts thc battcries from the

;;;";"" i-p".t of peaL current, which is a main rcason fot

reducing their lifesPan'

@int.rme(Xaxis)is
conrollcd by the starting system (1)
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Irig. 7 Short time variat.ion oF IISR duting the first (r00 ms after
begin of thc starting proccss with logaritlrmic scale on Y axis -

(blue rcptcscnts BSI{ variation in time for batter.ies and red
rcprescnt the l.lSR variation in time fot supercapacitots - the

rncasuremenl was obtainecl usir-rg a shunt with 60mO reslstxnce)

Fig. [i Curtcnt and Voltagc varjation during the starling ptocess (X
axis: lime is measured in seconds)

Ily monitoring the currcnt and voltage variation during
the starting process as sbown Fig. 8, the sub-system (14)
will scnse when thc ener.gy stored on supcrcapacrtors is
insufficicnt to accelerate the ICII engine (the encl of the
energy that can be transmittcd to the DC motor from
supercapacitors). This is possible by measuring the period
variarion lr.'rw.'cn rwo succ( ssive current cxtrcme points in
correlation with the measurcd voltage. After that, the sub-

systcm (14) will scncl to the sub-system (1) the command to
switcb-on the IGBT (13). Thus, in the first phase of the
starting proccss (14), the system acts as an optimal and
automatic aclaptivc control system.

VI. CoucrusroNs

Thc ncw starting system, implemented with stacked
supcrcapacitors with aclueous*based electrolyte material and
150Lh/96Y battcrics instcad of 3601\h/96V, designccl for
the LDIi1250l IP locomotive, possesses the following
advantagcs:
o A reliable and available starting process of the ICE in

a lrrge range of tcmperatures from -30"C to *(r0 "C
anci also in weak SoC conditions for batterjes;

The rate between the initial current provided by th,

batteries -in case of the initial 1,D111250I-Il
locomotive ancl the current supplied from thr

batteries on the prototypc is 5.5 timcs lcss than th,
initial value . Tiris mcans that the stre ss of th,

batteries was substantially re clucec'I, even if th,
capacity of the battcrics was less than half of th,
initial value.

o The duration of the starting process was also reduce<
frcrm 7, to 10 seconds (thc initial situation) to 4,to 4.1

scconds. This leads t() a rcasonablc rcduction for botl
operational and capital costs duc to thc reduced fue
consumption (approximatc savings for the shuntinl
locomotive LDH1250: 56 I Die sel fuel/ dal
respectively morc than 1 500€/month);

o Ijixtension of the rcmaining battcries' lifespan b'
more than 70%o (estimatcd). Thc suggcsted lifespar
of thc supcrcrpacitors is about l{) yexrs;

. Using supercapacitors as temporary buffer of energ.
provided by gencrator on krcomotive allows to use r

more precise and simple algorjthm for thc charginS

system of the batteries integrated into the combine(
energy stofage system and, as conseclucnce, ar

extension of batterics' lifcspan.
The startinn systcm clescribcd in thc prcscnt PaPeilwar

successfully tcsted ovcr onc-ycar pcriod in collaboratior
with Romanian Railways. Thc succcss{hlly rcsr-rlts of thr
tcsts, with implications fot increased tcliabiliry and reducec
costs, encourage thc applicati(x of the stackec
supercapacitors using aqucous-based elecrolytc to improvr
the starting systems of the diesel locomotivcs and of thr
other diescl engine vehicles.
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