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NEW TECHNICAL SOLUTIONS OF USING ROLLING STOCK
ELECTRODYNAMICAL BRAKING

Summary. The paper considers some theoretical and practical problems associated
with the use of traction motor are operating in the generator mode (in braking).
Mathematical and graphical relationships of electrodynamic braking, taking into account
the requirements raised to braking systems in rail transport are presented. The latter
include discontinuity of braking process, braking force regulation, depending on the
locomotive speed, mass, type of railway and other parameters. Schematic diagrams of the
locomotive braking and ways of controlling the braking force by varying electric circuit
parameters are presented. The authors suggested contact-free regulation method of
braking resistor for controlling braking force in rheostatic braking, and resistor
parameters regulate with pulse regulation mode by semiconductor devices, such as new
electrical components for rolling stock — IGBT transistors operating in the key mode.
Presenting energy savings power systems, which are using regenerative braking-returning
energy and diesel engine or any form of hybrid traction vehicles systems, circuit
diagrams, electrical parameters curves.

HOBBIE TEXHUYECKUWE PEIHEHUA UCITOJIb3OBAHU A
SJIEKTPOJMHAMMNYECKOI'O TOPMOXEHMA ITOIBM>XXHOI'O COCTABA

AnHoTanusi. B craThe pacMOTPEHHBI TEOPETHUYECKHUE W TMPAKTUYECCKHE MPOOJIEMBI
MPUMEHEHHUSI TATOBBIX JBUTATENeH, padoTaloMMX B TeHEpATOPHOM pexume (Tpu
TopMokeHun). IlpeacraBneHsl MaTreMaTHUeCKre U TpapuuecKkue H300paXeHHsI PEKUMOB
AIEKTPOJUHAMUYECKOTO TOPMOXKEHUS. B cTaThe BKIIOYEHBI PEXKHUMBI PErYIUPOBAHUSA
TOPMO3HOTO YCHJIUSI B 3aBUCHMOCTH OT CKOPOCTH, MAacChl JIOKOMOTHBA, IPEIICTABICHBI
IUarpamMMbl PeryJIMpOBaHUS SIEKTPUIECKUX MapamMeTpoB. ABTOPHI MPEATIOXKUIN METO.
OCCKOHTAKTHOTO PErYJIMPOBAaHHUS TOPMO3HOTO COMPOTHUBIICHUS, TIPUMEHSS HOBBIC
anektpuueckne komnoHeHTHl IGBT  TpaH3ucropbl, paboTamomue B peXHMe
ANEKTPOHHOTO Kiroua. [IpencTaBieHbl CXeMbl, AUMAarpaMMbl, TPaQUK{ HCIOIb30BAHUS
SHEPIrUU PEKYNEepaTUBHOIO TOPMOXKEHUS B IKOHOMHBIX JHEPreTHUECKUX CHUCTEMaX, B
JU3ENBHBIX WM JIIOOBIX (OPM THOPUIHBIX TATOBBIX IOABIKHBIX CIMHUII. B cTatbe
0TOOPOKEHBI TEOPETHUYECKHE U TTPAKTHYECKHE BOIIPOCH JAHHBIX MPEIOKESHNH.

1. INTRODUCTION

Resources need to be deployed and utilized efficiently, in a manner that is easy on the
environment-and today’s rail transport systems are no exception. Environmental awareness plus
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reduced operating cost are now major considerations in procuring advanced rail vehicles for
considerations in procuring advanced rail vehicles. It is needed to reduce electric demand; it is used
new energy savings and power supply optimization, hybrid traction vehicles systems, which are using
regenerative braking energy.

Electric braking is effective on all speed. Air brake cannot be use. When a vehicle brakes, energy is
released to date, most of this energy has been lost in air. The challenging alternative is to store the
braking energy on the train when using it during acceleration of operation of the vehicle. Traditionally
diesel locomotives powered electical transmision cannot use regenerative brake energy.

Economic indicators of electrodynamic braking have not been properly estimated. An essential
difference between electrodynamic and traditional mechanical (pneumatic) braking is in the control of
the braking force by adjusting the electrical parameters of traction motors. The paper addresses some
basic theoretical and engineering problems of electrodynamic braking, presenting methods of braking
force regulation and using of regenerative braking returning energy (energy savings systems) and
diesel engine or any form of hybrid traction vehicles systems, circuit diagrams, electrical parameters
curves.

2. THEORETICAL PROBLEMS OH ELECTRODYNAMIC BRAKING

When the speed of rolling stocks is increasing, traditional braking system becomes ineffective.
Besides, it is not fully automated. Therefore, the interest in electrodynamic braking methods is
continually growing. These methods are aimed at changing the operation of traction motors of the
locomotive into the generator mode operation. Electric motors operating in the generator mode convert
the kinetic energy of a locomotive into electric power, determining the type of electric braking, which
may be either rheostatic or regenerative, depending on further use.

Electric braking may be divided into rheostatic, and regenerative. The main advantages of electric
braking are precise regulation of braking force, while controlling the circuit parameters, as well as
high speed and stability of system operation. Braking can be controlled either by engine-driver or
automatically, when the latter is only an observer.

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. 1).
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Fig. 1. Torque-speed characteristic of shunt-wound excitation motor’s braking and traction modes: n, - motor’s
ideal no-load speed; U, - contact system voltage; [, - armature current of traction motor

Puc. 1. Mexannueckas XapaKTepPHCTHKA HE3aBUCHMOTO BO30Y>KIACHHUS TATOBOTO JBUTATENS B PEKUMAX TATH H
PEKYIEpaTUBHOTO TOPMOXKEHUS: My - HIealdbHAas CKOPOCTh XOJIOCTOro xoxaa; U, - HampsokeHue
KOHTPOJIBHOH CeTH; [;, - TOK stkopst DC TATroBOTO IBUTATENS

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
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current is reversed and electromagnetic braking moment is developed (see Fig. 1). 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 contact
system.

The power of modern electric trains, like TGV in France, ICE in Germany, and the motor car unit
of electric locomotives reaches to 10 MW, therefore, brake horse power is very high. It can be found
from the power balance equation as follows:

P, =P +AP; (1)
where: P, is the mechanical power of the motor shaft, W; P, is the electric power given to electricity

supply network, W; AP denotes total power losses of the electric circuit of the motor, W.

Therefore, the power returned during the regenerative braking should be used by another traction
locomotive. In particular, the regenerative brake power should be returned to substation transformer
and power system by specially installed inverters or used by ballast resistors.

In rheostatic braking, traction motors operate in DCseries or separate generator excitation modes.
Series excitation of generators is used in most of electric train traction motors.

Resistors used in starting are also used in rheostatic braking of electric locomotive drives.

Rheostatic braking of motors is feasible for both high and low armature speed, i.e. for low and
high locomotive speed, because the voltage of traction motor operating in generator mode does not
depend on the supply voltage and can be set according to the required braking force. Its value will
depend on the locomotive speed, when it goes over to the braking mode.

To go over to rheostatic braking, the following conditions should be satisfied: series traction
motor should be disconnected from the contact system in the electric drives of electric traction rolling
stocks (from generator in diesel locomotives); armature or excitation windings should be connected so
that the excitation current would not change its direction, traction motor should be connected to the
dynamic braking resistor R,,

The locomotive braking force can be adjusted by controlling braking current [, of traction motor.

Usually, the resistors, which are used for traction, are employed in rheostatic braking of electric
traction rolling stock. Usually, electric train EMU for traction mode are used additional resistors R,; —
R,;. Additional resistors parameters are regulated during traction with contactors. A circuit diagram of
rheostat starting (traction mode) and of (braking mode) rheostatic braking, where is used new
electrical components for rolling stock — IGBT transistors operating in the key mode is offered (see
Fig. 2, 3). IGBT insulated gate bipolar transistors, realizing the highest capacity anywhere in the
world. This created an inverter system with low noise levels, greater compactness and higher
efficiency.

Fig. 2. A circuit diagram of rheostat starting (traction mode) of DC series excitation traction motor: DC - energy
power supply; R, R, R,;3 - additional resistors; ZA - exicting traction motor winding

Puc. 2. DnexTprueckasi cxema peoctaTtHoro mycka DC TsroBoro aBuratesns 1MocjieoBaTelbHOTO BO30YKICHUS
(B pexume Taru): DC - sHepreTHyeckas CUCTeMa IOCTOSHHOTO TOKA; Ry, Ry, R,3 - JONOIHUTENbHbIE
pe3ncTopsr; ZA - 06MOTKa BO3GY/IEHHS TATOBOTO JBUTATENS
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Series-wound DC traction motors are disconnected from the power source (DC energy power
supply) and traction motors of their armature windings are connected to braking resistors R,
(see Fig. 3).

— VB |=—

Fig. 3. A circuit diagram of (braking mode) of DC series excitation traction motor, where is used IGBT
transistors module for pulse regulation of braking resistor R, — parameters; K — IGBT transistors module;
VB — IGBT transistors module operation bloc; I, — braking current
Puc. 3. Dnekrpudeckas cxeMa peoctaTHOro mycka DC TSATOBOTO ABHraTeNs MOCIEIOBATEILHOTO BO30YKICHUS
(pexxum  TOpMOXKEHHUs1) ¢ wucmonb3oBanueM IGBT TtpaH3ucTopHOrO MOIYNS MJII  HUMITYJIBCHOTO
peryiaMpoBaHus MmapamerpoB TopMo3Horo pesucropa Ry,: K — IGBT TpansuctopHslit Moxyns; VB — 610K
ynpasnenus IGBT Tpan3ucTopHbsIM MOAyneM; [, — TOK TOPMOXKEHUS

Braking of trains in railway traffic should be controlled, implying that braking force, which could
take into account all variables relating to braking and which could be adjusted, depending on the
variation of the locomotive speed, rolling stock mass, road profile, etc. should be developed.
Otherwise, the braking force could be insufficient for stopping the train in time, which might lead to
failures and catastrophes. We suggest method of regulating resistor using a single braking resistor R,,
and resistor parameters regulate (see Fig. 4) with pulse regulation mode by semiconductor devices,
such as new electrical components for rolling stock — IGBT transistors operating in the key mode.

R,
—

= = VB |~—
K

Fig. 4. A circuit diagram of IGBT transistors module can by used for pulse regulation of braking t resistor: R, —
braking resistor; K — IGBT transistors module; VB — IGBT transistors module operation block
Puc. 4. Onextpuueckas cxema IGBT Tpan3ucropHoro Mopaynis MpH HCHOIB30BAHMU HUMITYJIBCHOTO
peryJIMpoBaHUsl TOPMO3HOTO pe3ucTopa: R, — TopmMo3Hoii pesucrop; K — IGBT monyns; VB — Giok
ynpasieHus IGBT TpaH3uCTOpHBIM MOIyIEM

IGBT transistor operating in the key mode forcibly commutated so that the commutation period
remains unchanged, while the relationship between the duration of disabling 7,_, and enabling 7,
periods of transistor contact state varies (see Fig. 5). In other words, the width of the disabling pulse is
being changed. This method of regulating braking resistor R, as an electric circuit parameter is also
referred to as width-pulse modulation. Another method called pulse-frequency modulation can also be
used. In this case, f,, =const, while transistor commutation period 7, i.e. its commutation
frequency, is changed. By changing the disabling period of IGBT transistor, braking resistor resistance
can be smoothly changed from the peak value to R, = 0.
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Fig. 5. Diagrams showing the changes in rheostatic braking circuit parameter (resistor) during pulse regulation
(a) and braking current (b)

Puc. 5. JluarpaMsl WIOCTpUPYIOIIKE U3MEHEHUE TapaMETPOB LENH PEOCTaTHOIO TOPMOXKEHHUS (a) pe3sucropa U
TOPMO3HOTO TOKa (b)

The equivalent resistance can be obtained from the following expression:
E
== @)

ekv >

1 vid
where: I, is the average value of the enabling current of armature circuit, A.

I, can be found as the average current value during the commutation period of IGBT transistor:

1 T 1
IVid T Jldt - tuzd taty ’ (3)
e Tk Iiu7ddt + Jiatvdt
0 0
Substituting the values of the currents i, , and i, we get:
tu"zl I‘““,
1 (r.,-1,)T.,-T,) e e
_ zd atv uzd atv T, Ty .
Ivid _Ti qudtuzd +Iarvtarv - ted  tun X 1_e ¢ 1—6 ) (4)
¢ _[ﬁ+7j

1—e

where: i 1is instantaneous value of armature circuit; i stands for instantaneous values of

uzd Lapy

armature circuit current for enabling and disabling states of IGBT transistor; / wzd = E/ RO + Rp is

the steady-state current value when the IGBT transistor conducts current; [, = E/ R, +R, the
steady-state current value when the IGBT transistor is disabled (the circuit is disconnected).
The expression obtained can be simplified because the circuit parameters are chosen in such a

way that the commutation period 7, is much shorter than the time constant T, (T, <<T,, ) of the

atv a

>T,,then, T, <<T, ,. Under such

atv

armature circuit, when R, is connected. In addition, since 7,
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conditions, f,,, <<T. t,, <<T

uzd atv ?

ie. 1, / T,, <<l and 1, / T << 1. Therefore, the deviation

atv
of instantaneous currents from the average value is insignificant, implying that the pulsing of current is
low.

Substituting I, ,T,, and T, in equation (4) and taking into account that ¢, =7, —t

uzd ° u uzd °

we get:
L T.E 5)
" TR, +(T, -1, )R,
Then, see (2):
Ry =R, +(1=7)R,. (©6)
The equivalent additional resistor, characterizing the control parameter, is as follows:
R, =Ry, —Ry = (1 - 'Y)R,; . (7

Thus, by changing the disabling time of IGBT transistor, additional braking resistor can be

changed from R, maximum, when (¥ =0, ¢, =0, ¢, =T,) to zero when, (y =1 or 1, =T),).

atv

The above statement is valid only for the finite braking resistor R, value. The analysis performed
allows us to conclude that by changing pulse ratio ¥, which in turn changes R the braking current

pekv 2

(braking force) can be regulated with the required accuracy.
In using the above method, the main parameter of braking circuit-braking resistor will change

according to the described regulation principle. The same applies to braking current / , and braking
force. High accuracy of braking force regulation can be achieved due to high speed of the system,
using semiconductor elements IGBT transistors. IGBT transistors commutation frequency
fx>20000 Hz (3300 V, 1200 A one element parameters).

DC/DC system diesel-electric locomotyves braking force is regulated by changing the electric
traction motor’s parameters in the following way: altering the excitation current of traction generator,

when shaft revolutions of diesel generator are constant (72,, = const ); varying the revolutions of diesel
generator (n, =var), when the excitation current of traction generator is constant

(I, =const,® = const).
Let us consider a technique of determining braking characteristics of traction motors by analysing

a circuit presented in Fig. 6.
M n
R..=

b2 — 2

. [
L, Ry; 3

Fig. 6. Traction motor operating in generator rheostatic braking mode: R,;—R,; dynamic braking resistors; G —
traction motor operating in generator mode; L, — exicting traction motor winding; I, — braking current;
1, 2, 3 — contactors

Puc. 6. TsaroBoil mBuTaTenhb, NEHCTBYIOMIMKA B peKHUME T€HEpaTopa MPH PEOCTaTHOM TOPMOXKEHUH: R, —R,; —
PE3UCTOPHI ANHAMUUYECKOTO TOpMOkeHUs; G — paboTa TATOBOTO 3NIEKTPOJBHUIATEINS B T€HEPATOPHOM-
peocTaTHOM pexume; Ly, — 00MOTKa BO30YXKIEHHUS TATOBOTO ABHrartesis; I, — TOpMO3HOH TOK; 1, 2, 3 —
KOHTaKTOPBI
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The electromagnetic moment developed on the motor shaft can be expressed by the formula:

M =C—M1b<1>5; (8)

em
Mem

where: C,, = pn/2ma is constant of the motor; 77, is coefficient of mechanical and magnetic losses
of the motor; p is the number of pole pairs; N is the number of armature winding conductors; a is

the number of parallel branches; I, is motor’s armature (braking) current in rheostatic braking, A;
@, is main magnetic pole field Wb. E, = C,®.n is obtained from the voltage balance equation:
CECDinzlh(Rh+rm+rpp)=I,,R;; 9)

where: Cy motor constant; 7 is armature speed, r/min.; R, is braking rheostat resistor, Q; 7, is

armature winding resistor, Q; r_ is resistor of additional poles, €2; R,: is total impedance of braking

pp
rheostat and armature circuit, Q.
Thus, braking current can be expressed as follows:

g, = Cu®an (10)
Rb
cbi :ﬂ. (11D
CMnem

Then, the braking moment directed oppositely to the rotation of the motor armature » can be
expressed, based on (9), in the following way:

M,, =C’fﬁ¢52n = Kn, when ®, =const (12)
Rbnem
R/
Memzwlbzlzl(l,whenlbzconst (13)

CEnem n n

As seen from the formulas (12) and (13), the linear braking moment relationship is obtained,
when the excitation flux @, =const, while the hyperbolic relationship between the braking moment
and the armature speed of the motor is established, when I, = const .

To obtain diesel locomotive’s braking characteristic, i.e. the relationship between the braking
force on the wheelsets’ rolling surface and the locomotive speed B, = f(v), the following formulas

can be used [8]:
2M
B, = e 110 >
D n,

where: | is gear ratio of the gear drive; D is wheelset diameter, m; m is the number of traction

(14)

motors; 7, is gear drive efficiency.

By using the above formulas (12, 13, 14), braking characteristics of a diesel locomotive B, = f(v)
can be obtained. When the excitation flux @, =const, braking force is proportional to speed and can
be depicted as a straight line, beginning at the origin of coordinates. When the braking current is
constant — I, =const, B, = f(v) is inversely proportional to speed, while the hyperbolic function

changes.
The analysis of braking characteristics has shown that braking force can be regulated by varying

the braking current I, or excitation flux ®, . Ideally, braking force can be maintained constant when

the speed is varying.
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3. REGENERATIVE ENERGY USE

Energy savings and power supply optimization possibilities. The most challenging operating for
storage devises on board of traction vehicle are high number of load cycles during the vehicle lifetime,
relatively short charge and discharge times as well as high charge and discharge power values. In
contrast to high-maintenance, flywheel based, mechanical energy storage used in vehicles. Energy
savings and power supply optimization system operates on purely electrical basis. The battery will
charge when line voltage tends to go up so that it limits the line voltage increase. Regenerative braking
energy is normally limited, when the line voltage goes up to a limit. Trains can unlimitedly generate
regenerative braking energy when capacitors (see Fig. 7) conventional store batteries CCSB operated.
The regenerative braking energy is consumed by the train itself and by other powering trains.
Excessive power will be stored in the battery. The charging voltage at the bateries is higher than that
of the substation. It is considered that all charged energy come from the regenerative braking.

Fig. 7. High-perfomance double layer technology capacitor (ultracapacitor)
Puc. 7. KongeHncatop BICOKOM €MKOCTH C TEXHOJIOTHEN JBOWHOTO CJI0d (CyNEepKOHAEHCATOP)

The inovative double layer ultra capacitors store the energy released each time a vehicle brakes
and reduce it during acceleration or operation. Energy savings (optimazation) system where is used
conventional storage battery which capacitor is offered (see Fig. 8). New technical solution is based on
double layer capacitors with along service life and ten times higher performance than conventional
batteries. High-performance storage cells are connected in series to create a storage unit. They store
the electrical brake energy with relatively low losses.

Energy power system

C
r _H_H_ i
r i Substation I HH r i Substation IT
| | L T2 - | |
| | r=S 7,50 | |
+
| jz | | |||||||| | jz |
) bi-- 5 - L)
]!
power | | - Shareine y| Dhcharging |
line
Rail — @ @—
Regenerative Powering
— - — — —

braking train train

Fig. 8. A circuit diagram of using regenerative braking returning energy: C — capacitors; CB — conventional
batteries

Puc. 8. Cxema, mioctpupyrommas HCIIoJIb30BaHIE YHEPTUH PEKyNepaTHBHOTO TopMokeHHs: C — KOHAEHCATOPHI;
CB - TpamuunonHsle 6atepun
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Prevent losing effect of regenerative braking energy with limited line voltage drop. Regenerative
braking energy will lose its effect when the line voltage goes up to 900 V (when nominal 750 V) and
when substations operated with no batteries. The CCSB enables to limit the voltage increase when
charging. In case of our proof test, line was 830 V when the CCSB operated so that it could prevent
losing regenerative braking energy. When powered trains are congested at rush hours, since the line
voltage tends to drop, the batteries discharge to make voltage balance between those of the CCSB and
the substation. Receiving electricity can be reduced around 110 kW when battery/substation is
connected by parallel operation, and 175 kW when the CCSB is operating (see Fig. 8—12) by itself.
Prevent line voltage drop with discharging bateries. The lowest voltage of the power line was up to
680 V from when the CCSB operated. The new technical solution is used by conventional batteries
with high-perfomance double layer capacitors (ultracapacitors). Energy-saving system can be use
when provides vehicles with an energy source that allows frequent starting and braking. The system
works by charging up these storage devices with electrical energy released when braking. This stored
energy can be use in many ways. Energy-saving system can be use in conjunction with any traction
converter. Energy savings and power supply optimization system can reduce the energy consumption
of a light rail or metro system by up to 30 percent. Using power supply optimization system for diesel
multiple units allows energy savings can be even up about 35 percent. Alternatively, the stored energy
can be used as performance booster: enhances the performance of vehicle by adding extra power
during acceleration.

U[V], P [kW]
1000 |
1
500 |
A f
o N AA [
Ty
-500_ Y 3
1- Batery Voltage
-1 000_ 2- Discharging Power
3- Charging Power
1500 T | | | — ! [min]

0 1 2 3 4 5
Fig. 9. A capacitors-conventional store batteries CCSB parameters curves: charging (regenerative braking) and
discharging( acceleration) mode, battery voltage
Puc. 9. Kpusbsle mapaMeTpoB (HanmpsHKeHHS U MOIIHOCTHM) KOHJAEHCATOPOB U TPAAULIMOHHOM HAKOMMTENbHOM
6arepun CCSB nipu 3apsizie (B pesxume TAITH)

P [KW]

CCSB battery
Substation

1200 |

1000 |
800
600 |
400 |

200

Fig. 10. Reduced electric power demand, when capacitors-conventional store batteries CCSB parallel connected
with substation

Puc. 10. YMeHbIleHHE YpOBHS MOTPEOIISIEeMO MONTHOCTH TIOACTAHIIMU TpH TapaiensHoM Brimrouennn CCSB
Oatepun
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Perfomance boosting. The additional power from the energy savings and power supply
optimization system can be used to boost the vehicle’s speed when line current or engine power are
limited. Assuming e.g. 30% power from the energy savings and power supply optimization system
could result in 30% higher power while keeping the same line current demand. This extra power
results in addional tractive effort and allows significantly higher train acceletation. Thus, the energy
saver compensates the disadvantage of the usually limited power of diesel engines or increases the
output capacity of light rail or metro system.

I1[A]

800_
600 | 1
400_|
200 |
0

= t [sec]
-200| 830 840 850 860 870 880 890

1 - without CCBS
2 - with CCBS

Fig. 11. A catenary current curves (train operation mode)
Puc. 11. KpuBble Toka KOHTaKTHOH CeTH (PEXUM TSTH)

U [V]
850

800

750 1

700_
650

T T T T T T T t [sec]
830 840 850 860 870 880 890

1 - with CCBS
2 - without CCBS
Fig. 12. A catenary voltage curves (train operation mode)
Puc. 12. Kpusble HanpsKeHUs: KOHTaKTHON CETU (PEXKUM TATH)

Energy savings and power supply optimization system stores the energy released when braking
and uses this energy during the next acceleration of the vehicle. Eact time the vehicle brakes, the
energy storage devises are loaded again. During the next acceleration, the stored energy is released.
This additional energy lowers current demands from the network, yet the traction effort stays the
same. Acceleration up to 50 km/h shows a reduction of the peak power demand can be up to 50
percent.

4. HYBRID PROPULSION SYSTEM. HYBRID TRACTION TECHNOLOGY

Energy-saving propulsion system using storage-battery technology. As train, the train using
its traction motors the authors suggest to use a hybrid propulsion system combining an engine
generator with storage batteries. The traction batteries store the regenerated electrical power that
would have otherwise been wasted in heat using friction/dynamic braking. Using regenerative braking,
fuel consumption is minimized. Peak levels of energy effiency are regulated by the energy
management system. Any recovered energy can be used for traction. This system provides
regenerative braking not previously possible on conventional diesel-powered trains, and this makes it
possible to increase energy savings via regenerated energy. The system can use a series-hybrid
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configuration designed to allow immediate system conversion (by replacing the engine generator with
a fuel-cell unit). As a step towards providing environmentally friendly propulsion systems. We are
offering to use a hybrid traction technology. Traditionally diesel locomotives powered electical
transmision cannot use regenerative braking energy.

As train, the train using its traction motors, the traction batteries store the regenerated electrical
power that would have otherwise been wasted in heat using friction/dynamic braking. Using
regenerative braking, fuel consumtion is minimized. Peak levels of energy effiency are regulated by
the energy management system. Any recovered energy can be used for traction.

Regenerative braking mode (see Fig. 13). Under braking, the engine is stopped. The traction
motors act as generators, and recovered energy is used to charge the batteries.

Energy management system

“ Charge J—

HO- =/

INV CNV

Fig. 13. A circuit diagram of Hybride Traction System (regenerative braking mode): DM — diesel engine; G —
synchronous traction alternator (generator); INV — inverter; CNV — converter; SB — storage battery; M —
asynchronous-traction motor

Puc. 13. Cxema TATOBO¥ THOPUAHON CHCTEMBI (B PEXKUME PEKYIEPAIIMOHHOTO TOpMOKeHHs): DM — mu3enbHbIN
Jasuratens; G — CHHXpOHHBIN TAroBoii reHepatop; INV — nnBeprep; CNV — kxoHBepTep (BBIIPSMUTEND);
SB — nHakonmTenbHas 6arepusi; M — aCHHXpOHHBIH TATOBOH IBHUTaTeIh

Departure mode (see Fig. 14). Whilst at a station, the engine can be stopped and necessary hotel
power provided from the battery. Upon departure, the train accelerates using recovered energy only.

Energy t system

DM
il >

Discharge J—

O~

Fig. 14. A circuit diagram of of Hybride Traction System (departure mode)
Puc. 14. Cxema TAroBo# THOpHIHOI CHCTEMBI (B pEKHUME OTIIPABIICHUS)

Acceleration mode (see Fig. 15). For additional acceleration, the Energy Management system
will start diesel engine, and begin to blend the power to keep the engine operating efficiently.
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Energy management system

DM

SB

;

|

Discharge J_

INV CNV

1A

Fig. 15. A circuit diagram of of Hybride Traction System (accelaration mode)
Puc. 15. Cxema TAroBoi THOPHIHOM CHCTEMBI (B PEKUME YCKOPEHHUS)

5. CONCLUSIONS

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

2. High accuracy of braking force regulation helps decrease longitudinal dynamic forces developed
in stepwise pneumatic braking.

3. When lokomotives use regenerative braking of high-speed trains under the conditions of heavy
railway traffic allows 25-40 % of electric power to be returned to the power system. The required
braking forces can be obtained in a wide range, with regeneration braking used in a high-speed range
and rheostatic braking — in a low-speed range.

4. Mechanical braking, commonly used now, should be kept in reserve as a technique duplicating
the main braking method and used to completely stop a locomotive when its speed is 5-2 km/h.

5. An advanced method of braking force control in rheostatic braking by uniformly changing the
main circuit parameter — rheostat resistor value in a non-contact way by means of semiconductor
switches is suggested.

6. Energy savings and power supply optimization possibilities.

7. A scheme of using hybrid traction technology.

8. The regenerative braking power makes it possible to use in diesel electric locomotives for
starting engine, accelaration, operation mode.

9. The power stored in the locomotive in traction is completely utilized. When ordinary mechanical
braking is applied, no useful work is done by the power and it is not used in braking.

In upgrading the infrastructure and technical equipment of railways, the influence of
electrodynamic braking of the elements of infrastructure should be taken into account.

10. Basic theoretical principles of electrodynamic braking and schemes of its practical realization is
presented in the paper.
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