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ABSTRACT

Regeneration system is mounted on all electric loco-
motives designed for driving freight trains. There has been
a tendency of its use in combination with dynamic brake
on passenger locomotives and electric trains.

The objective of the authors is to analyze regulatory
and protection functions of electrical equipment and its
operation in regenerative mode, using analytical method,
mathematical calculations, simulation and comparative
method.

Regenerative braking should be considered as the
most effective means of reducing energy consumption
in electric traction. Therefore, its scope should be ex-
panded, including its use for returning of kinetic energy

short circuit.

Background. Regenerative braking is an essen-
tial means of energy saving in electric traction [1], it
can convert mechanical energy of the train (potential
or kinetic) in electrical and return it to electric traction
network. Such a conversion is carried out in accor-
dance with the characteristics of energy balance when
switching electric traction motors in generator mode
(Pic. 1). Regenerative braking system is mounted on
all electric locomotives for freight traffic and also on
new passenger locomotives.

Objective. The objective of the authors is to ana-
lyze regulatory and protection functions of electrical
equipment and its operation in regenerative mode.

Methods. The authors use analytical method,
mathematical calculations, simulation and compara-
tive method.

Results.

1.

The main purpose of regenerative brakes is main-
taining a constant speed of train on hazardous de-
scents, i. e. on sections with descending gradient i >
(4+4,5)%o [2]. Wherein potential energy is realized:

i(P+0Q)l
E (P+Q)H 000 (1)
where (P+Q) is weight of a train (locomotive and
cars); H is height difference of initial and final points
of a hazardous descent; | is length of a hazardous
descent.

Part of the potential energy is used to overcome
the resistance to motion of the train [3]:
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Pic. 1. Energy balance of an electric locomotive at
regeneration.
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of the train to electric traction network. The authors pres-
ent a methodology for calculating the energy when an
electric locomotive moves downhill, analyze individual
components of the energy balance, indicate possibility
of increasing the efficiency of the locomotive in regen-
erative behavior. An analytical review of regulatory and
protection functions of electrical equipment was carried
out and has shown that in regenerative behavior a set of
these functions is much broader than in traction. Electric
equipment, implementing regeneration, should be im-
proved using new technologies (static converters, on-
board microprocessors, high-speed protection). It is
necessary to keep the achieved level of functional reli-
ability and maintain proven schematics, including cross-
cyclic excitation of traction electric motors.
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(2)

where W,, W, indicate specific basic resistance to

AEW=(Wo+WC)1=[W;,P+W;Q+WC(P+Q)]1 ,

motion of a locomotive and cars; Ww. is specific

additional resistance to motion of a locomotive and
cars from curves.

Value AE,, should not be considered as a loss of
energy, since it corresponds to the costs of the move-
ment ofthe train. Calculations by formulas( 1) and(2)
are usually carried out at a constant speed of motion
on hazardous descent. This corresponds to the prac-
tice of driving trains and requirements of traffic
safety.

If an electric locomotive is considered as a con-
verter of mechanical energy at the input ( E, —AE,, )
into electrical E, at the output, its coefficient of effi-
ciency can be represented as
— EZ — EZ

E -E, E,+AE,’

n (3)

and losses in the electric locomotive AE, will be the

sum of three components (see Pic. 1). The greatest
influence on the value of the efficiency amounts to
electric losses, which in regenerative mode are higher
than in traction (for nominal capacity of 0,86 and 0,92
respectively). This is easily explained: traction motors
implement regenerative mode when they are
separately excited, which requires the inclusion of
additional smoothing and damping elements into
power circuit.
2.

Regeneration is implemented by much more com-
plicated technique than the traction mode, which uses
traction electric motors (hereinafter- TEM) of series
excitation. In case of regeneration excitation windings
(hereinafter- EW) of traction motors are powered by a
separate motor-generator with capacity of 5-6% of the
total capacity of all TEM of the electric locomotive.
Separate excitation has certain advantages, but in this
case, thatis, multi-engine traction motor drive powered
by catenary system, there are several problems to
ensure stability and functional reliability that cannot be
considered as solved.
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Table 1

Limitation of operation and protection of TEM in traction and regeneration

N Parameter Indication Traction Regeneration
1. Voltage at current collector U - +
28 Current of armature windings Ly + +
3. Excitation current I = +
4. Protection against SC:
— in electric locomotive (internal SC) SC1 +
— in catenary (external SC) SC2 -
5. Equalization of load of parallel circuits of TEM Al o, = +

Therefore, it is advisable to consider the
achieved level of technical solutions at the ex-
ample of a typical 4-axle section of electric loco-
motive with connection of TEM 1-4 with the use of
grouping scheme P. Generator B is connected to
excitation windings EW1- EW4 by the cyclic circuit,
also called circuit-of Tikhmenev- Ptitsyn [4]. It has
three excitation windings, two of which are in the
circuit of armature windings 1-4; they are de-
signed for the total current of TEM and produce
counter-excitation of generator B. In addition,
there is a separate excitation winding H. Here cur-
rent from the power supply control circuit 50 V is
controlled by the driver or automatic control sys-
tem [5]. Due to such a scheme of switching of
generator B the following tasks are realized:

- differential compounding of TEM in generator
mode and extenuation of transient processes in case
of surges in catenary system;

+ load balancing of parallel circuits of armature
windings 1-4.

A particular problem in case of regeneration is
short-circuit protection (against internal SC1 and
external SC2 short-circuits). In the first case the
protective function is identical to the traction and
braking modes; it is traditionally realized with high-
speed switch HS [6]. To an external short-circuit
the electric locomotive in traction mode responds

a)

with demagnetization of TEM with subsequent dis-
connection of HS on the electric locomotive and the
substation. If SC2 occurs in regeneration, the fault
current increases sharply in circuits of windings
1-4, but wherein HS is not activated because it is
polarized and responds only to the current of inter-
nal SC1. With external SC2 the current in armature
windings increases rapidly with intensity
di, U

-— 4
dr 20, +1,, +1, (4)

Active resistances in the circuit are not considered
due to their small value. Their intensity is limited to
values of 150-200 A/ ms, which is achieved by ad-

ditional inductivities 1,, which are included in the
circuits of armature  windings.

Protection against SC2 is provided by discon-
nection of high-speed contractors HC1and HC2 for
about 5 ms [4]. In this case, the fault current will
flow through resistors R and the voltage drop on
them will be applied to EW1-EW4. Hence there is
rapid reversal of the current in excitation windings
(EW) and resetting to zero of electromotive forces
of TEM. As a result, the emergency process of ex-
ternal SC2 quickly fades. Regenerative circuit func-
tions similarly circuit in case of SC1.

Thus, control and protection functions of the
electric locomotive in regenerative mode are much

b)

Pic. 2. Switching of TEM in regenerative mode: a) physical rectifier B, normal mode of regeneration; b) static

converter SC, shutdown mode of SC2.
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Pic. 3. Variants of developing a process SC2.
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more complicated than in traction, as shown in Table
1. This should be considered when developing a new
generation of electric locomotives, in which cross-
field exciter B must be replaced by a static con-
verter SC (Pic. 2, b). It is based on a stand-alone
inverter and is designed to supply auxiliaries A of the
electric locomotive. Power supply of excitation wind-
ings EW1-EW4 is performed by static converter by
means of transformer Tr and full-wave rectifier on
thyristors T1and T2 with control unit CU. This idea is
implemented on electric locomotives VL15S, 2ES4K
and 2ES6K.

Provided regulatory functions are carried out in
the presence of SC with higher quality using back
coupling BC for all parameters listed in Table 1.
There is however a problem with the protection
against SC2, thus disconnection of HC1 and HC2
will not lead to a reversal of the current in the wind-
ings EW1-EWA4, as thyristors T1 and T2 do not pass
a reverse current. Therefore, it is necessary to in-
stall in the rectifier a reversible thyristor RT, which
turns on simultaneously with disconnection of high-
speed contactors.

Other variants of regeneration are also possible
with a static converter for supplying excitation wind-
ings. And it is possible to significantly improve
quality indicators of TEM generator mode and
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output of the mechanical energy of the train into
network.
3.

Particular attention should be paid to the func-
tions of protection against an external short circuit. In
particular, it is advisable to further investigate this
process as applied to modern conditions, when sub-
stantially increased both capacity of electric locomo-
tives(of 12-axle itincreased up to 10 MW), and capac-
ity of traction power supply system.

Conventionally, we can assume that the emer-
gency process of external SC2 is as follows (Pic. 3):

- at the time t, SC2 occurs and current i_ in-
creases rapidly, thyristors T1-T2 immediately turn off
and RT turns on;

- at the time t, HC1 and HC2 turn off, and the
growth of i slows down.

Further development of the process depends
significantly on a number of factors (remoteness of
the electric locomotive from the place of SC2, protec-
tion operation at the substation, etc.). Pic. 3 shows
two types of processes: curve 1 occurs when SC2 is
disconnected by substation protection and curve 2
occurs with preservation of voltage in the circuit and
disconnection of HS.

Practices of operation of DC electric locomotive
with regeneration proved the effectiveness of consid-
ered solutions using rotary converters for power
supply of excitation windings of TEM. When switching
to static converters itis necessary to keep worked-out
functions of regulation and protection of electrical
equipment.

Conclusions.

1. Regenerative braking should be considered as
the most effective means of reducing energy con-
sumption in electric traction. Therefore, its scope
should be expanded, providing for return of the ki-
netic energy of the train to electric traction network.

2. Electric equipment, implementing regenera-
tion, should be improved using new technologies
(static converters, onboard microprocessors, high-
speed protection). It is necessary to keep the
achieved level of functional reliability and maintain
proven schematics, including cross-cyclic excitation
of TEM.
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