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DETERMINATION OF RAILWAY ROLLING STOCK OPTIMAL MOVEMENT MODES

Purpose. To develop a methodology for simulating of an electromotive railway rolling stock in terms of power-optimal modes on a
track with a given profile and a set motion graph. Methodology. We have used combined genetic algorithm to determine optimum
modes of an electromotive railway rolling stock motion: a global search is performed by a genetic algorithm with a one-point
crossover and roulette selection. At the final stage of the optimization procedure we have used Nelder-Mead method for the
refinement of the optimum. Results. We have obtained that traction motor on a tramcar, while driving on a fixed site, has an
excessive power of the cooling system. Its using only in the considered area allows to modernize the cooling system in the way of
its power reducing, which in turn provides an opportunity to increase the overall efficiency of the electromotive railway rolling
stock. Originality. For the first time, we have obtained the train motion equation in the program-oriented form. This allows to use
it for determination of electromotive railway rolling stock optimal control laws according to the Hamilton-Jacobi-Bellman
method. Practical value. We have made the computer program to determine optimum modes of an electromotive railway rolling
stock motion. The experimental studies of program results for the track section have confirmed the adequacy of the model, which
allows to solve the traffic modes optimization problem for the tram track sections and increase the overall efficiency of the
electromotive railway rolling stock. References 19, figures 3.

Key words: electromotive railway rolling stock, genetic algorithm, cooling system, traction motor, tramcar, control laws,
optimization problem, efficiency.

Pazpabomana memoouxka MOOeIUPOBAHUA OGUIHCEHUA ACUHXPOHHO20 MA206020 O0uUzamMena Npu  OBUNCEHUU
INIEKMPONOOBUINCHO20 COCMABA NO IHEPZOONMUMANLHBIM PEHCUMAM HA YUACMKe RNymu ¢ 3a0AGHHBIM npodunem u
YCMAHOGIEHHBIM 2paPuKkom deudcenun. Onpeodesenvl ONMUMATIbHBLE PEHCUMbBL OGUNCEHUA ITIEKMPONOOBUNICHO20 COCMABA
Ha ochoge memooa I'amunvmona-AAxoou-bennmana. Onpedenenue pexcumos pabomsl mazo08020 NPuUe0Oa NPeodi0HceHO
npo6ooums 3apanee HA OCHOGAHUN PEeULeHUA 3A0aiU YCIA06HOI ORMUMUAUUL €20 pedcumos. Onpedenenue ONMUMATbHBIX
perxcumos pabomol ma206020 npugooOa ObvlIO0 NPOEEOEHO HA OCHOBE KOMOUHUPOBAHHBIX MEMOO0E8 YCIOE6HOU MUHUMUZAUUU
¢yukyuu. Henonvzoeanue npednazaemoii memoouxku nozeonaem nosvicumsy oowuit KIIJ[ snexkmponoosusxicnozo cocmasa.
bubn. 19, puc. 3.

Kniouesvie cnosa: 3MeKTPONOABUKHOI COCTAB, TeHeTHYECKUI aIrOPHTM, CHCTEMA OXJIA:KAEHMsI, TATOBBI JBUraTe/lb, BATOH
TpaMBasi, 3aKOHBI yIIPABJICHHs, IPo0IeMa ONTHMU3ALNUH, KOIPPHIHEHT N0/1e3HOr0 AeiCTBHA.

Introduction. The processes of energy conversion
in traction electromechanical converters (traction motors)
relate to constant losses in different elements of its
construction. The most of power loss are caused by
physical processes of energy conversion [1-5]. The
temperature of the traction motors design parts increases
with the operating time and may exceed the permissible
design limitations. This is especially true for the windings
insulation temperature, which is limited to the thermal
class of applied insulation [2-5]. To reduce the
temperature on traction motors, cooling systems that
increase the efficiency of the heat transfer of the motor
construction components are used.

However, cooling systems need additional costs for
their efficient work, which in turn reduces the efficiency
of the electric vehicle in general. Thus, the creation of an
efficient cooling system for electromotive vehicles is one
of the most important scientific and technical problems
solved by many leading scientists in the field of railway
transport [1-5].

The following ways are possible to solve this
problem: reduction of losses in the elements of traction
motors design and increase of efficiency of the cooling
system. Optimization of traction motors designing
processes, which is common in most enterprises of
leading electrotechnical manufacturers, allows to create
traction motors optimal by their efficiency [1].

However, the modes of their operation on the
electromotive railway rolling stock (ERRS), which moves
at different speeds and under different load conditions,
significantly reduce its overall efficiency [1, 6-12].

Determination of optimal motion modes by energy
consumption criteria can improve the efficiency of the
cooling system of traction motors [1, 6-12].

The paper considers the solution of this problem for
the most common motors in production now — an
asynchronous traction motors (ATM) on the base of
Hamilton-Jacobi-Bellman method.

The aim of the paper to improve the methodology
of an electromotive railway rolling stock simulation in
terms of power-optimal modes on a track with a given
profile and a set motion graph.

The task of optimizing of the traction drive
modes. The basic states of the simulation method for the
electromotive rolling stock in terms of power-optimum
modes at the track with a given profile and a fixed motion
graph and initial developments were described in papers
[17, 18]. In this paper we present the results of further
authors researches that were begun in previous works.

The determination of the ATM-SVI circuit
efficiency based on the approaches proposed in the works
[1, 13] is carried out, which include the following: to
solve the problem of determining the optimal modes of
the traction drive, four problems of the conditional
optimization of the parameters of the traction drive must
be solved (in acceleration modes U,, = 1, regenerative
braking mode U,, = 5, maintaining mode of a given
movement speed U,, =2.3).

The efficiency of the traction drive in a certain mode
of its work will be evaluated according to the criterion of
maximum of its efficiency, subject to compliance with the
requirements imposed by the operation modes.

© O. Petrenko, B. Liubarskiy, V. Pliugin

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.6 27



Therefore, the task of determining the efficiency of
the traction drive is to find the extremum of the drive
factor function.

The efficiency of the traction drive (Fig. 1) can be
given under the next equation:
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m — max,
F; — max 1
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Fd >nz)ax Fd >0
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where 77; — efficiency of the asynchronous traction motor

(ATM) circuit — standalone voltage inverter (SVI), U,, —
the operation mode of an electromotive railway rolling
stock (ERRS), F; — traction or braking force created by
ERRS, F; — limitation for engagement force of wheel-

rail contact, v — railway rolling stock speed, Vi —
constructive movement speed. U,, = 4 — outburst mode is
an idle mode, so it is not considered in determining of
drive efficiency.

For each of these tasks, it is necessary to consider
two modes: the use of single-time or spatial-vector pulse-
width modulation (PWM). The mode of acceleration and
regenerative braking are similar. Apply the method of
vector objective functions proposed in [1, 14]. As a target
function for the acceleration mode, we select a vector
function with the next parameters:

P 1-7; — min, 2
e —-F; > min, |

The first component is chosen in such way that when
it is minimized, the maximization of the efficiency of the
traction drive can be obtained.

For regenerative braking mode, the vector target
function has the form:

1 -7, — min,
Fas=| " 3)
y — min,

For a given speed maintaining mode we select as a
target function:

Fe3=Feq=1-m — min . )

The value of losses, and hence the efficiency of the
drive, can be determined based on the slip of the traction
motor, the motor voltage (phase or line) and the rotation
speed. Because the operating modes are determined for all
motion speeds (ATD rotation speeds), the rotation speed
is a predetermined constant given in solving problem of
finding the optimal traction drive operation mode.

Thus, the target functions to determine the traction
drive optimal operating modes were chosen, which allow
to find the optimal traction drive modes when different
PWM modes are using.

The general formulation of an optimal control in real
time in [13] is described.

Software-oriented model of the ERRS motion. As
an optimization method, a combined genetic algorithm
was chosen: a global search is performed by a genetic
algorithm with a one-point crossover and roulette
selection. At the final stage of the optimization procedure,
the refinement of the optimum by the Nelder-Mead
method is carried out [1, 13-19].

Let us consider the representation of the train motion
equation in the program-oriented form, which will allow
to use it for determination of the optimal control laws
according to the Hamilton-Jacobi-Bellman method.

In this paper, the forces and supports are calculated
as follows:

Acceleration force F4 (for one time step)

Fi=m v(t)—v(t —tstep) , 5)
tstep

where m — train weight, a conjunction;

g w(t) —V(t —tstep)

6
tstep ©)

where a — the equivalent constant acceleration, which is
subjected to a train at a speed difference W) — Ut — tstep)
in one time step, due to the assumption that for each time
step the acceleration is constant and the speed is linearly
dependent on the time for each time step.

The main resistance to rolling F,, (for one time step).

Since the velocity is linearly dependent on the time
for each transition (time step), the rolling resistance for
each time step can be calculated according to the average
speed step and is equal to:

Varg = v(t) + v(t —tstep) . )
2

Thus, the main motion resistance for each time step

will be:

2
Fop =, +b vy, +¢ Vg, ®)

where a,,, b, ¢ — coefficients which for the tram car T-3
VPA with a full load 30000 kg have the following values:
1500 N, 0 N-c/m, and 1.5 N-c*/m accordingly.
As a result, the force for ERRS moving on #step:
Eot:(1+7)FA+Frr+Ev+Frk' ©
where Fy, F,;, — resistance forces from the slopes and
curves determined by the following equations:

1

F.=m , 10

s=ME 1000 (10)
c

F, = r0 ) 11

rk R_c”m ( )

where ¢y, ¢,;— constants, determined by [15]; R — radius
of the curve, i — slope, g — gravitational acceleration.

The required energy for movement on fstep,
considering the limitations and the assumption that the
velocity changes linearly over time, using [15] is listed
below.
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For the time step from the state n—1 to the state n,
from the equation of equally accelerated motion, the
traveled distance can be obtained by equations (13).
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where k; — the coefficient of clutch, which for the tram

is 0.16, v,,, —average speed per step.
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where x, Vv, a, — position of the train, its speed and
acceleration at n step.
For one hour step we have:

(14)

where x, — final position of the train for one tstep;
X, s1ep — the initial position of the train for one #step.

1
X = X—istep +5 (Vt—tstep + v,)tstep )
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Fig. 1. The typical scheme of traction drive

Expression (14) gives the final position of the train
for transfer, when the initial position, the initial and final
velocities are known, as well as the value of the time step.

Thus, the resulting equations (12 — 14) allow to
improve the simulation method of the electromotive
rolling stock in terms of energy optimum modes.

The solution of the traffic modes optimization
problem for the track section from the tram depot
«Saltovske» to the turning circle of 602 district in
Kharkiv and in the reverse direction was carried out. The
results of solving the traction problem with tram traffic in

optimal mode on Fig. 2 are shown. According to the
results of solving the traction problem, the losses in the
elements of the traction motor design on Fig. 3 are shown.

By means of a comparative analysis of
experimentally determined and computing traction
characteristics and efficiency values, the adequacy of the
proposed mathematical model for the drive efficiency
determination of the was established.

The maximum deviation in the calculation of losses
is 7.42 %, which is quite acceptable for the carried-out
calculations.
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Fig. 2. The solution results of the traction movement task for the tramcar T-3VPA with traction motor AD931 on the track section
from the tram depot «Saltovske» to the turning circle of 602 district in Kharkiv and in the reverse direction:

1 —movement speed (), km/h ; 2 — speed limitation , km/h; 3 — traction force, (£),) kN; 4 — movement time (¢), min, 5 — losses (E), kW-h
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Fig. 3. Loses in traction motor: 1 — core loss Py, W; 2 — rotor loss P,, W; 3 — copper losses in stator winding at a slot part P3, W;

4 — copper losses in stator winding at a front part P4, W; 5 — mechanical losses Ps, W

10000
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Conclusions.

1. Using the genetic algorithm and the Yakobi-
Hamilton-Belman method the calculated ratios for the
determination of the railway electromotive traction drive
efficiency are obtained. On this base the methodology of
ATM motion simulation during the movement of the
electromotive rolling stock according to the power-
optimal regimes on the track section with the given graph
and the set motion schedule is improved.

2. The adequacy of the obtained equations, which
determine the efficiency both the maximum efficiency
value of the ATM-SVI circuit in different operating
modes under the coupling constraints, and constructive
speed, is confirmed by the results of the experiment on
the section of the tramway from the depot «Saltovske» to
the turning circle of 602 district in Kharkiv. The
maximum deviation in the calculation of losses does not
exceed 7.42 %.

3. According to the results of solved traction problem,
the change in losses in the elements of the traction tram
traction design was first determined.

4. The use of advanced methodology is proposed to be
carried out in advance based on solving the problem of
work modes conditional optimization.
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