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ABSTRACT

The paper presents a classification of parameters
of electric locomotives with comments about existing
restrictions and a block diagram of a dual-system elec-
tric locomotive. Variants for formation of a train of freight
electric locomotives (multiple locomotive section) are
shown based on a flexible type, taking into account dif-
ferent groups of parameters.

The authors underline that locomotive’s reliability is
assessed by a number of parameters but availability
index is most important. This index is calculated for a
given period of time between overhauls and is now
considered to be normally equal to 0,95. The authors
consider this value effective for future as well.

ENGLISH SUMMARY

Background. Classification of electric locomotives’
parameters with account of existing restrictions is given
in Table 1. In fact, many ofthem are very slow to change
in terms of any changes in future, or are secured by
applicable regulations and operating experience.
Analysis of rail transport development, meanwhile, al-
lows us to justify basic parameters for a long term, which
is associated primarily with the objective to establish a
normative service life (working life).

First electric locomotives had a working life of 50
years, and then it was reduced to 30-35 years, due to
obsolescence of equipment, mainly electrical. How-
ever, it could be replaced during factory repairs. In ad-
dition, overhaul was widely used with prolongation of a
working life for 15 years (hereinafter-OPWL). Now OPWL
is carried out for electric locomotives CHS2 and VL10.
These factors must be taken into account when justify-
ing the working life time.

It will be especially difficult to take into account
a variety of operating conditions, given the fact that
the entire network of railways with electric traction
should be serviced by a minimum number of types
of electric locomotives, ideally — by one type. The
important thing here is that originally a dual-system
electric locomotive should be taken as sample type,
since both electric traction systems (3 kV DC and 25
kVAC) will remain in future. The experience of foreign
and domestic electric locomotive construction
(EP10, EP20, 2ES5) shows that modern electrical
engineering based on asynchronous traction motors
is capable of providing a release of freight electric
locomotives with a capacity of up to 1200-1300 kW
/ axle. And the design of dual-system electric loco-
motive must take into account the possibility of
production on its basis of single-system AC and DC
electric locomotives, as on the basis of EP10 variants
EP2 and EP3 were produced.

Objective. The objective of the authors is to inves-
tigate parameters of electric locomotives; to provide
their classification; to show possibility of formation of a
train of freight electric locomotives based on a flexible
type.
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Methods. The authors use mathematical and en-
gineering design method, analysis, descriptive method,
comparison.

Results.

Options of flexible type

The problem of universal electric locomotive, that
is adaptable to different conditions of freight traffic, is
solved on the basis of flexible type (Table 2). It is pos-
sible to form a multiple electric locomotive section on
the basis of a different number of similar sections. Be-
tween end sections which have control cabins, one or
two homotypic sections (VL 11, VL80S) or booster sec-
tions without control cabins completely unified with end
sections (2ES5K) can be put. The use of booster sec-
tions is characteristic of the U.S. railways (for diesel
traction). This gives certain advantages as booster is
cheaper than a section with control cabin by 15-20%,
but there are also disadvantages. They are related to
the situation when 3-section electric locomotives are
relocated to other depots, where it is necessary to re-
shape them in 2-section electric locomotives.

Ultimately, the decision on boosters for prospective
electric locomotives depends not only on economic
considerations, but also on the stability factor of freight
flows in time and space. Therefore, when choosing a
type it is necessary to take into account the forecast of
the main cargo-industries (metallurgy, heavy engineer-
ing, logging). In any case, to consider options of flexible
type we should pay attention to a set of existing condi-
tions.

Option on the basis of 4-axle sections has been
actually already implemented with absolutely identical
sections(VL11, VL80S) and the use of booster sections
in the middle of the tractive connection (2ES5K). In this
case, the possible number of axes of electric locomotive
is 8, 12, 16. Options with 8 and 12 axes are widely used,
that is, two or three sections. 12-axle locomotives 2ES5
with booster section are also widely used ( Trans-Sibe-
rian and Baikal-Amur (BAM) mainlines). As we have
noted due to the largest increase in traffic within those
mainlines, the need for them will be stable.

Option on the basis of 6-axle sections ensures
the formation of 2-section 12-axle electric locomotives
(VL85, VL15). It is possible to add the third section (18
axes), but here we get a restriction on the strength of
couplerwhich is of 120 tf. Therefore, in order to increase
traction in mountain areas it is necessary to use boost-
ing with substitution of an additional electric locomotive
to the tail end of the train that is usually done on the
Trans-Siberian main line.

The development programs of JSC «Russian Rail-
ways» provide the introduction of composite trains with
formation schemes ECEC (E - electric locomotive,
C - composite train of freight cars) weighing up to 2-6000
t or weighing up to 3-6000 t. To implement the idea of
composite trains in most cases it will be sufficient to use
8-axle electric locomotives with distant control via radio
channel (SMET-R), which was tested on Moscow-Ry-
azan branch on trains E2CE where 2C is 12 th. tons.



Table 1

Classification of parameters of electric locomotives

Parameters of a prospective freight electric locomotive

1. Constant on the physical nature
(adhesion coefficient, temperature
range)

2. Relatively constant (car fleet,
automatic coupling, track, electric
power supply)

3. Varying (number of axes,
sections, nominal value of
power, traction, speed)

Table 2

Classification of possible solutions for flexible type

Base section of electric locomotive

6-axle
2-2-2or 3-3

4-axle
2-2

4- and 6-axle sections

Only sections with control cabin

Sections with control cabin and booster sections

If on mountain sections (i=16-25%), this weighted
normwill be featured, 12-axle locomotives are required.
That is the scope of the locomotives on the basis of
6-axle sections (VL85 and VL15) is retained in the long
term for the mountain areas, which exist on most loco-
motive runs on Trans-Siberian mainline and BAM, as
well as on the Ural mountain passes. But at the same
time plants have to produce two types of DC electric
locomotives and two types of AC electric locomotives
or two types of dual-system electric locomotives, which
will be reflected in their price.

Option on the basis of joint use of 4 and 6-axle
sections is also considered in some researches on a
flexible type. And it is possible to from sections of elec-
tric locomotives with a number of axes 8(4+4) 10(4 +
6)12(6+6)14(4+4+6)16(6+6+4), 18(6+6+6),
for all these cases type step is 2. However, this option is
complexin terms of production, repair and maintenance.

Option based on 8-axle section is not included in
the classification in Table 2 due to its rather rare imple-
mentation on locomotives, though 8-axle execution is
used for freight cars. As for locomotives, the only ex-
ample of a serial execution is diesel locomotive TEP-80
with axial formula (2 + 2.2+ 2); more than 100 units were
produced. Kolomna factory produced two electric loco-
motives EP200 with the same axial formula. There are
no foreign precedents except for the project of «Skoda»
plant (electric locomotive CHS 12 implemented only in
brassboard).

Forfreight locomotives, this option is not reasonable
because of the impossibility of forming a flexible type of
multiple locomotives’ section.

Thus, for a long term it is necessary to recommend
an option on the basis of 4-axle sections.

Constant parameters (group 1)

Going back to Table 1, according to the classification
parameters of prospective freight electric locomotive
are divided into constant, relatively constantand varying.
Constant parameters, referring to their relationship to
the physical nature include adhesion coefficient and
temperature range.

Adhesion coefficient reflects processes in the
contactzone ofthe wheel and the rail. It largely depends
on the shape of contacting surfaces, the wheel speed
(more accurately, the speed of displacement of the
contact area), the compression force in the area, etc.
Influence of dirtying of the contacting surfaces is sig-
nificant, including their watering. Theoretically, this ratio
can be measured only on a laboratory bench where itis
possible to set pressing force of wheels on the rail, the
speed of displacement of the contact area, dirtying of
the contacting surfaces, the shape of the rail head and
the working surface of the wheel.

In reality, on the electric locomotive we have traction
coefficient K , i. e. the ratio of maximum traction force
on the rim of the wheel to the weight of the locomotive:

KT — E(;nax ; Kifgdh: E—WS
i-Ws
where K_is traction coefficient;

K. . s adhesion coefficient for the i-th axle;

F. s I8 maximum tangential traction force of the
locomotive;

P is weight of the locomotive;

F..we Q.45 1S maximum traction force of the wheel set
and its load on rails.

Decrease in K_ in relation to K, is related to the
change of axial loads (quality of locomotive weighting,
dynamic redistribution of wheels load when driving due
to irregularities of the track and because of overturning
moment under the action of forces of traction and brak-
ing). Here are also noticeable the impact of dirtying of
the contact zone, the oscillations in the spring suspen-
sion, transverse forces — for example, in the curved
sections of track. However, in the instructions of the
former Russian Ministry of Railways and of JSC Russian
Railways, as well as in the academic literature and even
often in scientific journals usually only the term «adhe-
sion coefficient» is used, deeming at the same time
«traction coefficient». For example, in the rules of trac-
tion computations( 1985) different formulas for adhesion
coefficient are shown, including

1
V= av By

where A, B are constant coefficients, obtained by
approximation of the results of the tests; V is speed of
an electric locomotive.

The results obtained by this formula are higher for
AC electric locomotives as compared to DC electric
locomotives. This is due to flat characteristics F (V) and
(V) of alternating current as electric traction motors are
connected in parallel.

On prospective electric locomotives it is advisable
to use asynchronous traction motors, which have more
hardening characteristics than commutator motors. In
addition, the traction drive systems have mandatory
systems of automation and protection against skidding
and sliding of wheels. With this in mind, as well as with
account for the results of the tests we can take (Pic. 1)
the value of the estimated coefficient of adhesion when
starting (V= 0, point 1) to be ¥,= 0,4, and at rated speed
Vp, i. e. when driving on the ruling gradient, as equal to
¥, =0,28-0,32 [9]. This value depends on V,, and the
value of Vp is associated with a nominal capacity of the
electric locomotive N, by ratio

s K <K,

adh?
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Pic. 1. Determining electric locomotives’ parameters
for featured modes: 1 — getaway of a train; 2 —
movement of a train on a ruling gradient.

N” =FP.VP=(//P.P.VP’

where F A is traction force on calculated gradient; P is
weight of the electric locomotive.

From the formula it follows that with the increase in
electric locomotive power, which is proportional to the
traction motor power N, Vp increases similarly and ‘Y,
decreases slightly. In the area to the right of point 2 there
is a point of calculated (nominal) mode. In operated
electric locomotives(VL11, VL85) N, =800-900 kWand
V= 43-48 km /h. Accordingly, in case ofasynchronous
traction motor N, = 1100-1200 kW can take V, = 55-60
km /h, butthe réduction of ¥, will be offsetby improve-
ment of antiskid properties, so that taking into account
all factors ¥, = 0,28-0,32.

The value of V especially on ruling gradients has a
great influence on the value of carrying capacity of lo-
comotive run. Therefore an increase in V is beneficial
in terms of train traffic.

Temperature range reflects actual operating con-
ditions within the entire range of railway network with
1520mm gauge. When outside temperature is from
-50 °C to + 40 °C, this range is important for choosing
the element base of equipment and insulation type of
high-voltage circuits and windings of electrical ma-
chines.

There are no fundamental difficulties in solving such
a problem, but a number of positions require attention.
These include:

— Increasing the reliability of insulation of traction
electric motors by automatic control of blower motors
with a continuous regulation of their performance in the
air;

— Improving the resistibility of the most stressful
steel structures at low temperatures (cold resistance),
first of all it concerns the bogie frames and axles of wheel
sets;

— Improvement of the climate control for the driver’s
cab in the whole range of ambient temperatures.

Relatively constant parameters (group 2)

Constancy of these parameters is determined not
by their physical nature, but by the decisions taken as
for the design of subsystems of rail transport. More
stable parameters defining the interaction of electric
locomotive with track structure are:

— 1520 mm gauge;

— Dimensions of the rolling stock (on lines with
electric drive only dimension O0-T is used);

— Profile of the working surface of the rail head,
which determines profile of the rolling surface of the of
wheels of electric locomotive;

— Load capacity of each axle of electric locomotive
on rails — now for freight electric locomotives itis 25t /
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axle, but in program documents of JSC «Russian Rail-
ways» 28 t / axle is provided for certain most loaded
areas;

— Ruling gradients for different locomotive runs,
and in the design phase all sections are divided into six
categories with maximum descending gradients of
10-20 per mille;

— The minimum radius of curved sections of the
track it is taken equal to 300 m, that has an impact on
the design of undercarriage of electric locomotive.

Freight car fleet determines the following parame-
ters of the locomotive:

— Maximum traction force, depending on the auto-
matic coupler is 120 tf (stress limit is 200 tf). Develop-
ment of future-oriented couplers focuses not on the
increase in its strength, but on the improvement of dy-
namics at sharp changes of longitudinal forces;

— Design speed of the majority of freight cars is 120
km / h, thus determining the design speed of freight
locomotives. There is a tendency to increase the design
speed of certain types of cars, such as container plat-
forms, but their share in the car fleet does not exceed
1,5%. In the future, it will be possible to exploit express
container trains, as in the EU, but they will have a short
length (up to 40 cars) and, accordingly, the weight of
notmore than 2000 tons. Therefore, special passenger-
freight or passenger locomotives should be used;

— The rate of axial load, as already mentioned, is
related to the track structure

— The main share of freight cars has a limit axial load
of 25t/ axle, which is an additional argument for justifi-
cation of similar standards for electric locomotives.

Power supply of electrified railways affects the
concept of prospective electric locomotive as follows:
it should be dual-system that at the present level of
development of power electronics and control systems
is quite feasible. Switching of electric locomotive from
one system to another is possible in process, during the
passage of neutral insert in a contact network — this will
significantly simplify operation of splicing stations (Vy-
azma, Vladimir, Mariinsk and others. — a total of 20
stations) and allow to extend locomotive runs. Given that
a creation of a flexible type locomotive is provided, it is
appropriate to adopt as a basic traction module for
dual-system electric locomotive an equipment set of
two-axle bogie with each axis individually driven by its
own traction motor. At the same time design modularity
should not be limited only to mechanical part. This prin-
ciple should be extended to the electrical equipment.

The traction unit, except for two asynchronous trac-
tion motors, should include a traction converter, provid-
ing individual axis control by traction motors, as well as
auxiliary converter used when runnig with a catenary of
both DC and AC. In contrast to traction converters of
dual-system electric train «Sapsan», for electric locomo-
tive EP10 it is proposed to use secondary windings of
traction transformer and inductor of 100-hertz resonant
filter as an input filter inductors when running on cate-
nary DC, as it was provided by the main circuit of traction
drive of an electric train «Sokol».

The power supply system is closely related to the
implementation of electric braking. 25 kV AC traction
substations are always ready to receive regenerative
power. Atthe same time, asynchronous traction motors
work in generator mode, autonomous voltage invertors
work in mode of controlled rectifier, and controlled
rectifier works in the mode of grid-controlled inverter.
Under DC mode regenerative-rheostatic braking is
required. In recovery mode, asynchronous traction mo-
tors and autonomous voltage invertors function, and
inverter convertors reverse. If there are no receivers of



regenerative energy proximity switch turns on auto-
matically and the power is quenched at the rheostat.

Varying parameters (group 3)

In general, these parameters are uniquely deter-
mined or limited by parameters of already considered
groups 1-2. During the operation of dual-system elec-
tric locomotives the lovocmotive department organizes
its work in accordance with the following specified pa-
rameters.

Tonnage rating is calculated by the value of ruling
gradient, taking into account the average characteristics
of the train, i. e. cars. Among these characteristics the
main one is average axial load in the train q”’. Then the
resistance to movement of the train on the ruling gradi-
enti A is:

w=w,(V,)+w,=(P-w',+Q-w" ) +(P+0)-i,

where P, Q is weight of the locomotive and the train;
w,, w' are values of main specific resistivity for the
locomotive and the train, wherein

w',=aV) +aV, +a; w', =BV +bV,+b)/q.

These calculations are performed at the stage of
interaction of customer ( “Russian Railways”) and
manufacturer of electric locomotives, including the
developer. The final stage of the calculations is consid-
ered as an integrated implementation of standardized
weighted norms for extended mainlines with stable
freight traffic ( Trans-Siberian mainline, Moscow — Vo-
ronezh — Rostov et al.).

For example, the norm for Trans-Siberian mainline
is6000t, butas relevantlocomotive runs include various
ruling gradients and correspondingly different individu-
al weight norms, the uniform rules should satisfy the
constraints:

- traction of a train by an electric locomotive in front
of the train (8 or 12-axle electric locomotive), if neces-
sary with the addition of pusher locomotive;

- the length of the train corresponds to the length of
station tracks, at least on the section stations.

The idea of standardized weight standards has ex-
isted for about 30 years. Its implementation started on
the basis of electric locomotives with commutator mo-
tors. Prospective electric locomotives with asynchro-
nous traction motors are designed with a capacity at
axle of 20% more than by collector motors. This sug-
gests that prospective electric locomotives will not
limit the implementation of uniform norms.

There is still a problem of comprehensive use of
the power of multi-axis electric locomotives. The fact
is that capacity of the electric locomotive is fully realized
only ifthe weight of the train complies with the standard;
but even those conditions are respected, the full
power capacity can be achieved within a small range
of running speeds — at Vp and slightly higher speeds.
Therefore the system of section-wise regulation was
implemented, which, if the current and accordingly
traction force of electric locomotive are less than
nominal, turns off a part of traction motors, and in-
creases the current ofthe rest to maintain traction force
at the level that existed before turning-off. The system
of the kind under the form of control units ORML is
implemented on board of electric locomotives VL80S,
where itis possible to turn offthe engines in pairs. Here,
energy saving is performed by putting the engines into
the zone of maximum efficiency, which corresponds to
the nominal current.

Additional savings are achieved through regula-
tion of performance (rotation speed) of blower mo-
tors (hereinafter- BM) of power equipment, depend-
ing on their loading. The ideal option is regulation
based on the temperature of the armature or rotor

25kV,50Hz 3000V

Pic. 2 Block diagram of a dual-system electric
locomotive.

of traction motor, but measuring in rotating parts is
very complex. Therefore, in the implemented sys-
tems BM are regulated by current of traction motors
with account of the outdoor temperature. It gives
energy savings of up to 16—18%.

On promising electric locomotives it is advisable to
use asynchronous motors powered by autonomous
inverters as BM; it allows smoothly adjusting the speed
of BM. It is necessary not to reduce this frequency to
less than 12-14% of the nominal value, to provide air
overpressure during ventilation of traction motors
(to avoid external air input into the motor).

Electric locomotives reliability is evaluated by a large
number of indicators, but the main thing is availability
coefficient, always indicated in the regulations of JSC
«Russian Railways». It is calculated over a fixed period
of time between overhauls by the formula

ST +2Ts

TST, 45T 15T + 5Ty + 2Ty

where XT_ is the sum of time intervals, during which
the locomotive is at the disposal of traffic service,
being in working condition;

xT, s the total time that an electric locomotive
spends in the shed in working state;

XT,, is the total time spent on the scheduled
electric locomotive routine maintenance and repairs,
including waiting period;

XT,sq IS duration of not scheduled emergency
repairs, including waiting period;

XT.Is the total time spent by electric locomotive
in a state of complete failure outside the depot.

In the ideal case we getxT, .= 0, £T .= 0, so that
availability can be affected only by increasing T and
decreasing XT,, and XT,.. Further increase in the
coefficient is possible only by improving the use of
electric locomotives in transportation service and
reducing the time required for maintenance and re-
pair.

Now the availability coefficient of the ordered elec-
tric locomotives is 0, 95. This norm can be maintained
for the future.

Conclusion. Run between overhauls should be
increased by improving the reliability of limiting compo-
nents of electric locomotive. The basic type of planned
maintenance is track raising; its frequencyis determined
by the change of tyres of wheelsets when they reach the
limit of wear. Now the appropriate run is 350-550 th. km,

r
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but policy documents of JSC «Russian Railways» provide
atask toincrease itto 1-1,15 min km. This is achieved
by hardening the rolling surface of the rim (laser, plasma
hardening).

Automation of electric locomotives in freight traffic
is intended to be based on:

— Limitation of current of traction motors and speed
stabilization according to the settings specified on the
controller of the driver (microprocessor-based engine
control system, developed by Russian Research and
Design Institute of Electric Locomotive Building);

— Automatic driving systems (System of automatic
train driving and energy saving or Recorder of motion
parameters and automatic driving of trains).

On-board system of technical diagnostics is re-
quired:

— To detect close-to-failure states of the most
critical parts (axle-boxes, insulation of power circuits,
especially traction motors);

— To register actual condition of major equipment
when electric locomotive moves under full load (this
information should be used in planning the next repair).

Keywords: dual-system electric locomotive, parameters, block diagram, flexible type, railway.
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ITpoeKT KOMIUIEKCHOM CUCTEMBbI, peain3a-
1M KOTOPOTo Oblja MmopyvyeHa KOHLEPHY
AJICTOM TOPOKHO-TPAHCIIOPTHBIM YITpaBJie-
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30K 1 OOpBOBI C 3aTOpaMU U 3arpsiI3HEHUSIMU
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Ha aBTomoporax. [1o pacyeTaM 3Ta mepBas
TpaMBaiiHasi uHMs B 30He [lepcumckoro 3a-
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IOJIHOTO Habopa peLIeHMIl U JTUAUPYIOIIEro
ITOJIOXKEHMST B 00JIACTH TPAMBAMHBIX CUCTEM.
Binaromapst HallleMy TECHOMY COTPYJIHMYECTBY
¢ Iy0aiiCKMMM TPAHCIIOPTHUKAMU XUTEJIU Te-
Iepb MOTYT €3IUTh HAa OJHOM U3 CaMbIX COBpE-



