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IMPROVEMENT OF ENERGY EFFICIENCY OF THE SYSTEM OF ELECTRIC
BRAKING OF ROLLING STOCK

The analysis of the most used electric braking systems in terms of their energy performance is carried out. A
combined method of braking and a variable-structure electric braking system for DC motors are proposed. In the
braking mode, the motors operate as alternators, and the current in the excitation windings is controlled by a

converter.
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Formulation of the problem

The energy efficiency of an electric braking
system largely depends on its structure and method of
braking, as well as on how braking energy is used. Most
urban electric vehicles in Ukraine are equipped with a
traction electric drive with DC motors with sequential
excitation and outdated braking equipment. Therefore,
the issues of improving the system of electric braking of
urban electric rolling stock and increasing its energy
performance are very relevant.

Analysis of recent achievements and
publications

The analysis showed that considerable attention is
paid to issues of increasing the energy performance of
vehicles in the EU countries.

In [1, 2], the energy performance of traction
electric drive systems for tram cars was improved to
35% due to the introduction of electrical equipment
such as "TV Progress" based on a pulse converter from
ALSTOM.

In [3], the consumption of electric energy in urban
public transport systems was reduced by auditing their
electric system. In this case, a mathematical model of
the energy balance of the electric system of urban public
transport and its components was used.

In [4], various concepts of traction drives in the
Czech Republic and in the world are discussed and
evaluated, the advantages and disadvantages of the new
concept and the possibility of using outdated systems
are considered.

The purpose and objective of research

The aim of the work is to increase the energy
performance of the electric braking system of urban
electric rolling stock based on an analysis of the most
common electric braking systems with DC motors.

The bulk of research

The analysis of electric braking systems with
DC motors of sequential excitation showed that the
most common method was that the motors operate with
independent  excitation DC generators [5]. The
excitation windings in this case are supplied from an
adjustable voltage source that receives energy from the
network, and the armature windings are shorted to the
braking resistors (Fig. 1). Braking energy is dissipated
on the braking resistors in the form of heat. Such an
electric braking system provides reliable entry into the
braking mode, allows you to generate braking
characteristics with constant force for equidistant
motion, which is very important for an exact stop. This
ensures restrictions on the maximum speed, switching
ability of traction motors, adhesion and maximum
excitation current.
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Fig. 1. Scheme of electrical braking during operation of
the electric motor by an independent excitation
generator
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The disadvantages of such a braking system
include low energy indicators, since energy from the
network is required to excite the engines in the
generator mode, and all braking energy is dissipated in
the form of heat on the braking resistors. In addition, the
system has low braking efficiency in the low-speed
region, and when the network is de-energized, electric
braking is generally impossible.

When mixed excitation motors are used in the
electric braking system, the parallel winding is
connected through the converter to the network, and the
series excitation winding is connected together with the
armature to the braking resistor (Fig. 2) [6]. In this case,
the magnetizing forces of the windings are subtracted,
since the direction of the current in the windings of the
armature and series excitation changes. Regulation of
braking force and braking current is carried out using a
parallel winding. The braking force builds up quickly
enough, because at the first moment of time there is no
demagnetizing effect of the serial winding. In addition,
the electromotive force of mutual induction in the series
winding is directed in accordance with the
electromotive force of rotation, which contributes to the
growth of the braking current.
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Fig. 2. Electric braking circuit using a mixed excitation
electric motor

Such a braking system also has low energy
indicators, since it takes energy from the network to
excite the engines in the generator mode, and all the
braking energy is dissipated as heat on the braking
resistors. With unregulated braking resistance, the
effectiveness of rheostatic braking is significantly
reduced at low speeds. In addition, in the braking mode,
the parallel winding is significantly overloaded with
current, since the magnetomotive forces of the field
windings are directed counter-current.

A system of electric braking has become
widespread in urban electric transport, in which traction
motors operate with sequential excitation generators
(Fig. 3) and the electric energy received during braking

is dissipated in the form of heat on brake resistors [7].
Generators are excited by self-excitation. The braking
system generates characteristics that are more suitable
for braking on a slope than for stopping. For stopping
braking, the resistance of the braking resistors is
gradually reduced.
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Fig. 3. Electric braking circuit when using an electric
motor in the mode of a series excitation generator

The disadvantages of such a braking system
include low energy indicators, since all the braking
energy is extinguished on the braking resistors formed
by the braking system characteristics, the entrance to the
braking mode with delay in the low speed region. To
accelerate the self-excitation of traction motors in the
generator mode, must use additional power to the field
windings from the battery or use a parallel field
winding.

To increase the energy efficiency of the electric
braking system of urban electric rolling stock, a
combined method of electric braking and a variable
structure electric braking system are proposed, which
provide braking at the initial stage as with sequential
excitation generators, and then automatically control the
excitation current of the generators using a DC-DC
converter by shunting the input of this transformer of
the field windings of electric motors [8]. In this case,
braking characteristics are formed with constant force
and there is no need to consume electric energy from the
network to excite electric motors. The energy from the
output of the converter can be used for own needs.

In order to increase the braking efficiency in the
low-speed region, the resistance of the braking resistors
is smoothly regulated by shunting them with transistor
switches.

To implement the combined method, the structure
of the braking system is required, in which the current
in the field windings during braking does not change
direction. For this purpose, the structure described in [9,
10] is most suitable. In an electric braking system with a
variable structure, the pulse converter is made according
to the scheme of a single-phase transistor bridge with
reverse diodes, the diagonal of which includes series-
connected anchor windings of electric motors for
reversing the direction of movement (Fig. 4).
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Fig. 4. Diagram of a variable structure electric braking system

The scheme works as follows. In the "Braking"
mode, when the wvehicle moves in the "Forward"
direction, transistors 15, 19 and 37, 38 are turned on.
After the current flows through the armature windings
of the electric motors 1, 2 and 3, 4 and the field
windings 5, 6 and 7, 8, the first DC-DC converters 29,
30 for regulating the current through the field windings
5, 6 and 7, 8 and turn off the transistors 37, 38. In this
case, the mode of electrical resistive braking occurs and
part of the energy through the first DC-DC converters
29, 30 goes to energy storage 31, 32 and through other
DC-DC converters 48, 49 goes to the chains of their
own needs 50, 51. At the same time formed as a braking
performance from an independent generator excitation.
In the low-speed range, transistors 37, 38 turn on and go
into pulse-width modulation mode to increase braking
efficiency.

Further improvement of the electric braking
system with a variable structure is possible due to the
accumulation of braking energy of the power circuit in
the drives with its subsequent use in traction mode.
Such a technical solution is shown in Fig. 5.
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Fig. 5. Improved circuit design of electric braking

system with variable structure
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An improved circuit of the electric braking system
with a variable structure works as follows. When the
electric braking mode is switched on, transistors 15 and
19, 33 and 34 are turned on. In this case, the armature
windings 1 and 2 and the field windings 5 and 6 of the
motors, as well as the anchor windings 3 and 4 and the
field windings 7 and 8 are turned on as sequential
excitation generators and short between each other. Due
to the residual magnetization in the field windings 5, 6
and 7, 8, an electromotive force will appear on the
armature windings 1, 2 and 3, 4, under the influence of
which a current will flow, which is measured by current
sensors 37 and 38. After the current reaches the set
value, the transistors 15 and 19 and turn on transistors
55, 56, as well as the first DC-DC converters 41 and 42.
Braking current will flow through transistors 55 and 56,
the inputs of the second drives 49 and 50, the field
windings 5, 6 and 7, 8, transistors 33, 34 and anchors of
engines 1, 2 and 3, 4. The first DC-DC converters 41
and 42 by their inputs shunt the field windings 5, 6 and
7, 8, and thereby regulate the current in them as if the
independent excitation of the electric motors. From the
outputs of the first DC-DC converters 41 and 42, energy
is supplied to the first drives 43 and 44 and used for
their own needs. If the other drives 49 and 50 are full
and the braking continues, the transistors 55 and 56, 33
and 34 turn off and the transistors 15, 19 turn on and the
braking energy turns into heat on the brake resistors 31
and 32. In the low-speed zone, transistors 33 and 34 go
into pulse width modulation mode and reduce the
equivalent braking resistance, effective braking is
ensured. In this case, braking characteristics are formed
as in independent excitation generators. The energy
stored in storage 49, 50 is used in traction mode.

Conclusions

The analysis of the most common systems of
electric braking of vehicles is carried out, on the basis of
which a combined method and system of electric
braking with a variable structure is proposed. When
implementing this method, DC motors operate as
sequential excitation generators. The current in the field
windings is regulated using a DC-DC converter. Energy
in the power circuit is accumulated in the energy storage
and then used in traction mode. When the energy
storage are full, the energy in the power circuit is
extinguished by the braking resistor, and the energy
from the output of the DC-DC converter is used for own
needs. In this case, braking characteristics are formed as
in independent excitation generators. An advanced
system of electric braking can significantly increase
energy performance.
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NIJIBULLIEHHA EHEPTETUYHOI EOEKTUBHOCTI CUCTEMHU EJEKTPUYHOI'O
I'AJIBMYBAHHSA MICBKOI'O EJIEKTPOPYXOMOI'O CKUIALY

B.A. T'epacumenko

XapKiBChKUH HalliOHAILHUN YHIBEpCUTET MickKoro rocnoaapcrsa iMeni O.M. bekeroBa, Ykpaina

Enepeemuuna egexmugnicme cucmemu eneKmpuuHo20 2aibMy8anhs 6azamo 6 YoMy 3anedxicums Gi0 il
CmMpYKmypu i cnocoby 2anbMy8anHs, a MAKOJIC Gi0 M0O20, AK GUKOPUCIOBYEMbCS eHepzis 2anbmyeanhs. binvuicme
MPAHCHOPMHUX 3ACO0I6 MICLKO20 eNeKMPUUHO20 MPAHCHOPpMY 6 YKpaini 001a0HaHO MAL0BUM eIeKMPONPUEOOOM 3
08UYHAMU ROCMIIHO20 CIPYMY ROCTIO08HO20 30Y0HCEHHSA | 3aCmapiium 2arbMieHumM obnaoHanuam. Tomy numanms
B00CKOHANEHHA CUCMEMU eNeKMPUUHO20 2aNbMYBAHHA MICbKO20 eleKMpPOPYXoM020 CKAady i niosuujenHs ii
eHepeemuyHUX NOKA3HUKIE Oydce aKmyanbHi.

Memoio pobomu € nioguwents enepeemuunux NOKAZHUKIG CUCTNEMU eNeKMPUYHO20 2ANbMYBAHHA MICbKO20
€1eKmpPOPYXomM0o20 CKIA0y HA OCHOBI AHANI3Y HAUOIIbW NOWUPEHUX CUCMEM eNeKMPUUHO20 2aNbMYBAHHA 3
08UYHAMU NOCMILIHO20 CIPYMY.

Ilpogeodeno ananiz HauOinLW NOWUPEHUX CUCTEM eNeKMPUUHO20 2aTbMYSAHHA MPAHCNOPMHUX 3ac00i8, Ha
niocmasi AKUX 3aNPONOHOBAHO KOMOIHOBAHUI CHOCIO 1 cucmemy eNeKmpudHo20 2albMy8aAHHA 3i 3MIHHOW
cmpykmypoio. Ilpu peanizayii 3a3nauenozo cnocoby eiekmpoosucyHu NoCMmitiHo20 CMPYMYy Npayioms
2eHepamopamu nocuio06Ho2o 30yodcenns. Cmpym 6 oomomkax 30y0dceHHs: peeymoemovcs 3a donomozoio DC-DC
nepemeopiosaua. Enepeis 6 cunoeomy nanyro3i HAKONUYYEMbCA 6 HAKONUYY8AYAX | NOMIM 8UKOPUCHIOBYEMBCA Y
mszogomy pedxcumi. Ilpu 3anoenenni Hakonuuyeauis, eHmepeisi 8 CUNOBOMY JIAHYIO3I 2ACUMbCS HA 2ANbMIBHOMY
pesucmopi, a euepeisn 3 uxody DC-DC nepemeopiosaua euxopucmosyemocs 014 éiachux nompe0. Ilpu yvomy
dopmytomsbcs 2anbMigHi XapaKmMepUcmuky AK y 2eHepamopis He3anelcHo20 30y0HcenHs.

Yoockonanena cucmema enexmpuuno2o eanbmy8anHa 0036014€ iICMOMHO RIOBUWUINU eHepeeMUYHT NOKAZHUKU.

Kniouogi cnosa: enexmpuune eanoMysanns, enepeemuini NOKAHUKY, €1eKMPOOBUSYH, OOMOMKU 30Y0HCeHHS,
DC-DC nepemsoprosau.




