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LOCOMOTIVE KINETIC ENERGY MANAGEMENT

Summary. The paper addresses some basic theoretical and engineering problems of
electrodynamic braking, presenting methods of regenerative braking returning energy to
contact network or the energy storage batteries. The paper presenting the non-traditional
structural schemas of the starting of DC/DC, AC/DC, AC/AC power systems locomotives
800 kW-6000 kW diesel engines using the energy storage batteries (block of
supercapacitors).

VIIPABJIEHUE KUHETUYECKOW SHEPTMEM JOKOMOTHBOB

AHHoTamus. B craTtee paccMaTpHBAarOTCS HOBBIE BO3MOXXHOCTH SKOHOMHUHU SHEPIHH,

MOJIHOCTBIO  MCIONIB3Ysl KHUHETHYECKYH0 dHepruro. OTOOpakeHbI  BO3MOXKHOCTHU
peKyImepanu DHEPruH: SJEKTPOIOJBIKHOTO COCTaBa B KOHTAKTHYIO CETh, Ha
TEIUIOBO3aX C JJIeKTpomneperadedl, B HakonuTedbHble Oartapen. IIpemmoskeHs
HETPaJMIMOHHBIE CHUCTEMBbI yrpaBieHus kuHetuueckoir sHepruu DC/DC, AC/DC,
AC/AC DC/DC cTpykTyp JOKOMOTHBOB [UIsl 3allyCKa TEIJIOBO3HBIX JIU3EIBHBIX
neurareneid momHOCTRIO oT 800 kW mo 6000 kW or HakonmutenbHBIX Oarapen
CO3/IaHHBIX Ha 0asze ,,Cyrnep KOHAEHCATOPOB .

1. INTRODUCTION

Currently in the world, as the energy resources are running out, new energy-saving methods are
trying to be found, a new approach in the field of management of locomotive power is being
developed. One power-management policy is dominating in the locomotives of traditional structures.
The energy diagrams of locomotive traction motor operating modes (Fig. 1) shows two theoretical
locomotive power management policies: from the primary energy source into the wheel-sets (WS) or
from the wheel sets WS into the primary energy source — contact network or the energy storage
batteries. It is very important to create the two-way energy management systems in locomotives.

2. LOCOMOTIVE ENERGY MANAGEMENT DIRECTIONS

Train kinetic energy E is determined from the formula:
m
E=mg(l+ Km)J.;vdt + KV +E(V‘2’ +v) (1)

where:
m — train mass, kg,
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g — acceleration of gravity, m/s?,

Km — coefficient of rotation mass,

v —locomotive velocity, m/s,

K — aerodynamic resistance coefficient,
vV, — initial velocity, m/s,

vy — final velocity, m/s.

The energy diagrams of locomotive traction motor operating modes are given in Fig. 1.
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Fig. 1. The energy diagrams of locomotive traction motor operating modes: in the a) — traction mode; in the b) —
regenerative braking mode

Puc. 1. DHepreTuuecKkue aAUarpaMMbl TSATOBOTO JIBUTaTeNs JIOKOMOTHBA: a) — B pekume Tary; D) — B pexume
PEKYNEPATUBHOIO TOPMOIKEHUS

In the engine mode, the electrical energy is used from the primary energy network (contact network
or traction generator). The power taken from the network, W, is distributed as follows:
P, =R +AP 2
where:
P. — the power taken from the network,
P, — the power taken by the traction motor to rotate,
AP — the power, used in engine to compensate the losses.

Locomotive electrical braking methods

During the regenerative braking, the traction motor, which is operating in the generator mode,
returns for the network the part of stored kinetic energy of mechanical system. Balance of power is
expressed by:

P, =P, +AP 3
where:

Py — mechanical power of motor shaft,
P — the electrical power given for the primary network.

Dynamic braking, when the motor rotates by inertia (disconnected from the network), but the
armature additionally is connected by resistance, where it depletes its own (generator) power.
Regenerative braking is more energy-effective because power given to contact system is either used by
another electric train or returned to power system. More than 25% of power used for traction can be
returned to contact system. Thus, the conditions for the motor at idle to exceed point n, of torque-
speed characteristic n= f(M), which is required in regenerative braking, cannot be satisfied
(see Fig. 2).

When the load moment changes (e.g. when the locomotive is moving down the slope), the speed n
of the motor armature exceeds n,, e.m.f. of the motor E;, exceeds network voltage, the armature

current is reversed and electromagnetic braking moment is developed (see Fig. 2). The motor goes to
the generator mode, while electromagnetic moment, which is a counter torque with respect to the
armature, becomes a braking moment, and the power produced by generator is given to the catenary
system.
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Fig. 2. Torque-speed characteristic of shunt-wound excitation motor’s braking and traction modes: n, is motor’s
ideal no-load speed; Uy is catenary voltage; l;, is armature current of traction motor

Puc. 2. Mexanndeckas XapaKTCpUCTHUKa JABUTATCISI HCE3aBUCHUMOIO B036y)KI[CHI/I$I B PCKUME TAIH H
PCeKyIcpanunu; no CKOPOCTb XOJIOCTOIO XOJa TATIOBOI'O ABHUIATCIIA; UC — Halps’KEHUEC KOHTAKTHOI'O

nmpoBoa; lj, — TOK SIKOps TATOBOTO JIBUTATENs

3. NEW ELEMENTS-SUPERCAPACITORS OF ENERGY ACCUMULATION

Companies of electronics created capacitors of big capacity, which are called in different countries
as ultra condenser, pseudo condenser, supercapacitors, ultracapacitors. In English literature besides is
found the name Electric Double Layer Capacitors. The characteristics of supercapacitors are very
high. Single module capacities are 3000 F, at the tension 2,7 V and even more powerful. [1,2,9]. All
this has given an impulse to the various scientific researches. General view of supercapacitor is given
in Fig. 3.

Fig. 3. General view of supercapacitor
Puc. 3. O6mwmii BUI cynep KOHJeHcaTopa

Comparative characteristics of the supercapacitors and accumulators are given in the Tab. 1.

Table 1
Characteristics of accumulator and supercapacitor
Performance Accumulator | Supercapacitor
Energy (Wh/kg) 10-100 1-10
Number of cycles 1000 > 500 000
Specific power (W/kg) | < 1000 <10 000

The charge — discharge time of conventional accumulative batteries is very long, because chemical
reaction depends on time. The charge — discharge time of supercapacitors is only few seconds. In
addition, their period of duty is incomparably longer.
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4. NON-TRADITIONAL MANAGEMENT SYSTEM OF LOCOMOTIVE KINETIC ENERGY
OF DC/DC POWER SYSTEM

The electric drive of diesel locomotive of traditional DC/DC power system does not create the
theoretical and practical possibility of using regenerative braking [3]. Fig. 4 shows the structural
schema of locomotive kinetic energy direction management system. It is very important to create of
DC/DC power system locomotive bi-direction energy control system. Locomotive energy direction is
controlled by signals Y1 and Y2.
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Fig. 4. The structural schema of energy direction management system of locomotive of DC/DC power system:
DM - diesel engine; G — DC traction generator; Gg — separately excitation winding of DC traction
generator; M1-M6 — DC traction motors; Mg, . Mg — separately excitation windings of DC traction
motors; Gg — separately excitation winding of DC traction generator; n — traction motor rotor speed; M —
electromagnetic moment; M, — electrodynamic braking moment; WS — wheel-sets

Puc. 4. Cucrema ympaBnenuss HampaBieHHs dHeprunm DC/DC  cTpyKTyphl JOKOMOTHBAa: DM-IH3eTbHEIH
meuratens; G — DC Taroserit renepatop; Gg — oOMoTKa He3aBHUcHMOro Bo30yxaeHuss DC TsaroBoro
rereparopa; M1,..M6 - DC tsroseie aurarens; Mg, Mgs— 00MoTku HezaBucuMoro Bo30yxaeHus DC
TATOBBIX apurateneit M1, M2; Y, Y1, Y2 — curnansl ynpaeinenus; M — 371eKTpOMarHuTHBIT MOMEHT;
My— 3IeKTpOAMHAMHYECKAH TOPMO3HOH MOMEHT, N — CKOPOCTh POTOpa TITrOBOro ABUTaTens; WS —
KoJI€CcHad rapa

The authors propose to create a non-traditional management system of locomotive Kinetic energy
of DC/DC power system (Fig. 5) [4, 5]. DC/DC power systems in the management of the locomotive
kinetic energy use the electronic key K, which consists of IGBT transistor and a diode connected in
parallel. To control the electronic key K i.e. ,,open® or ,,close by the signal Y. By using the provided
system, appears the possibility to fully use the kinetic energy of the train unit to stop the train without
mechanical (friction) braking and along with it to charge the energy storage battery. The stored energy
can be used for supply of the traction motors in the traction mode, for supply of additional equipment,
or to use the stored energy for the diesel motor starting.

5. TRADITIONAL DIESEL LOCOMOTIVE MOTORS STARTING SYSTEMS

Usually the power of DC/DC locomotives is 800 kW-4000 kW. These locomotives do not need
special DC electrical machinery-starters. The function of the starter is provided by the traction
generator which is operating in the motor mode (Fig. 6 marked with M) AC/DC. The traditional
starting system of AC/DC, AC/AC locomotive diesel motor is provided in Fig. 6b.



Locomotive Kinetic energy management 139

Energy storage

battery
v | | Energy direction
E K (traction - braking mode )
-
I I N |
I 1 ! |
T 1 fse M=
| |l > |
' DM I @ —)—}—;—— WS |
| I Iy |
I P | b+ — I
I N : !
| § |
I O N Mg, Mgs l
! + . I
R I S !
A B

Fig. 5. The structural schema of non-traditional management system of locomotive kinetic energy of DC/DC
power system; I, — regenerative braking current; lsg — storage battery current; K — semiconductors key;
Y — drive signals; M — electromagnetic moment; My — electrodynamic braking moment; WS — wheel-sets

Puc. 5.Herpaguuuonnass cucrema ympasieHuss kuHetnueckoil sHepruum DC/DC CTpyKTypbl JIOKOMOTHBA:
lp — TOok pekyrnepaTuBHOrO TOpMOXKeHUs; lsg — TOK HakomuTenbHOW Oatapen; K — ameKkTpoHHBIN Kiro4
YIIpABJICHUAA, Y — cursan YHpaBJICHUA
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Fig. 6. The traditional starting schemas of DC/DC, (a) AC/DC, (b) AC/AC locomotive diesel motor: G/M — DC
electric machine (generator or motor mode G/M); K — contactor. GS — synchronous traction generator;
Lg — excitation windings

Puc. 6.CxeMbl JIOKOMOTHBOB C TPaJUIIMOHHBIMA CHUCTEMaMH 3amycka ausenbHbix asurareneit (a) AC/DC,
(b) AC/AC: G/M — snekTpuyeckas MallliHA MOCTOSHHOTO ToKa: reHeparop — G, nsuratens — M;
GS —cuHXpOHHBI TATOBBIN TreHepaTop; Lg — 00MoTKa Bo30ysK1eHHs

6. NON-TRADITIONAL STARTING SYSTEMS OF DC/DC AC/DC, AC/AC POWER
SYSTEMS OF LOCOMOTIVES DIESEL MOTOR

The authors propose to create a non-traditional management system [6, 7, 8, 10] in DC/DC
locomotives of 800 kW-4 MW power for the starting of diesel motor in accordance with provided
structural schemas Fig. 7a AC/DC, AC/AC Fig. 7b. The diesel engines are used for creating of
primary energy, which power is up to 6000 kW. JSC Lithuanian Railways uses diesel engines, which
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power is up to 3000 kW. Using conventional systems of starting, from alkaline or acid accumulators,
starting of such engines is very complicated because it requires powerful batteries of accumulators.
The locomotives TEP-60 and TEP-70, which powers diesel engines is up to 3000 kW are used for
pulling coaches. The locomotives TEP-60 and TEP-70 are with electrical drive. Conventional 110V X
550Ah accumulative batteries, weight of 3400 kg, are used for starting of diesel engines. The authors
and Vilnius locomotive depot experts have been researching how to extend the life of battery, reduce
their weight, improve the conditions of diesel engine starting up. The new management system of
locomotive kinetic energy proposed by the authors enables to charge supercapacitors in the
regenerative braking cycle, the stored energy of which would be ,,protected for future use. The stored
energy will be stored until the electronic key K will be ,,opened“ by the control signal Y. The system
offered by the authors allows to change the traditional starting schemas of locomotive diesel motors, to
reduce the weight of traditional batteries, battery capacity Ah, the energy costs for the charging the
traditional batteries, since it significantly reduces the currents in CB circuit, the basic energy needed
for the starting of the diesel motor is used from the supercapacitor unit.
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Fig. 7. The non-traditional structural schemas of the starting of DC/DC, AC/DC, AC/AC locomotives diesel:
LD — locomotive controller; A — analog to digital converter; ATM — asynchronous traction motor,
SCB - block of supercapacitors; Converterl — undirection converter (rectifier); Converter 2 — bidirection
converter (inverter- rectifier)

Puc. 7.DC/DC, AC/DC, AC/AC cTpyKTyp JTOKOMOTHBOB HETPaJWIIMOHHBIE CUCTEMBI 3aIyCKa IW3EbHBIX
neurareneii: LD — pydka ympaBieHHs JTOKOMOTHBA; A — aHAJOTOBBIH HU(POBOW mpeoOpa3oBaTelb;
ATM — acuHXpOHHBIM TATOBBIM nBuratesnb, SCB — Omok cymep konmeHncatopoB; Converter 1 —
npeobpaszoBatens dHeprun (BeIIpsMHTETh); Converter 2 — mpeoOpasoBarenb 3HEpPrud (HHBEPTEP-
BBITIPSIMUATEITH )
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7. THE RESULTS OF THE RESEARCH ON NEW ENERGY ACCUMULATION ELEMENTS
— USING OF THE SUPERCAPACITORS IN STARTING UP OF DIESEL ENGINES

In Fig. 8 the diagram of locomotive TEP-60 diesel engines’ starter’s running of current
accumulators in chain is given, where the diesel engine is starting up from conventional batteries
(CB), whose parameters are 110V x 110V 550 Ah, without SCB and the curve 2 of current run, when
the diesel engine is started using accumulative batteries of smaller capacity (110 V x 160 Ah) and the
block in parallel connected supercapacitors. Using the conventional system of current starting up in
chain of accumulators is up to 3700 A. Using the conventional system of current starting up in chain
of accumulators suggested by the authors is up to 1200 A. The time of Diesel engine starting up, using
the conventional system is 40-50 seconds, and using a complementary system is 7-10 seconds.
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Fig. 8. The diagrams of starting up of the TEP-60 diesel engines starter in chain of current accumulators:1 —
battery current without SCB, when traction generator operates in a starter mode; 2 — battery current with
SCB, when traction generator operates in a starter mode

Puc. 8. lmarpamMmbl TOKa ITycka au3edbHOTO apurarens okomoruBa TEP-60: 1 — Tok mycka 6e3 Oioka cymep
koHmeHcatopoB SCB; 2 — Tok mycka ¢ 611okoMm cyriep koHaeHcatopoB SCB

8. CONCLUSIONS

1. Electrodynamic braking is the main braking technique used for modern electrically-driven
locomotives.

2. The use of super condensers in the locomotives with electric drive expands the regenerative

braking range to full stopping. This creates the conditions for full use of kinetic energy of the

train.

Using super condensers enables replacing the diesel motors of powerful locomotives and ships.

Supercapacitors were chosen to act as energy buffer.

5. The use of regenerative braking of electric locomotives for high-speed trains under the conditions
of heavy railway traffic allows 25-40% of electric power to be returned to the power system.

6. Hybrid traction technology locomotives can use regenerative braking of high-speed and a low-

speed range.

The energy used by hybrid traction technology locomotives is reduced by 25-30%.

8. Itis possible to use the regenerative braking power in diesel electric locomotives for starting up to
800-4000 kW diesel engine, acceleration, and operation mode.

~w

~
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