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Abstract. The paper is dedicated to the task of improving of regenerative braking of a DC train with the

series-wound DC traction motors. It is proposed the schematic solution for the trains with DC motors, which
is based on the storing of recovered energy by the on-board supercapacitor storage system and extending the
speed range of regenerative braking. The scheme is described by expressions which allowed to build the

time dependences of main values. In addition, the experimental researches with the multiple-unit train were
performed to find initial data for calculations and verification the results. The transient processes of

charging are analyses for different cases of storage capacitances, residual voltages and initial speed of
braking. It was proved, that the scheme allows to increase the value of recovered energy up to 40%, but its
value strongly depends on the initial conditions and parameters of the system.

1 Introduction

About 36% of electrified railway lines are supplied by 3
or 1.5 kV DC voltage. As much as 47000 DC supplied
electric locomotives are currently in use in the world.
Many of them, among others in East European countries,
still equipped with the series-wound DC motors and
rheostatic control due to long life time, comparatively
low price, simple design of control system and self-
excitation of the field coils [1]. On the other hand, they
have numerous disadvantages, designed without
regenerative braking or cannot use it due to the frequent
faults, which appear in the process of real operation [2].
Therefore, the train drivers frequently have no choice
and apply the rheostat braking to reduce the high speed
of the vehicle, so the recovered (kinetic) energy is
uselessly dissipated in the ballast resistors. Furthermore,
the experimental researches of [3] show that the losses of
recovered energy in the overhead contact system vary
from 6.3 to 20% in case of transmission to the train
which operates in traction mode. The losses are equal to
1.5+43.1% when the recovered energy flows to the
traction substation and is inverted to AC grid. Thus, the
task of improvement of effectiveness of regenerative
braking stays actual for railway vehicles with AC and
DC traction. It is a current issue specifically in East and
Central European countries with DC supplied railway
when thousands of old-type rolling stock with DC
motors and rheostatic control are being in use. The
problem can be solved by development of the new
autonomous from power supply system recuperative
braking modes with the application of energy storage
systems based on supercapacitor, batteries, flywheel or
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mixed. Undoubtedly, in recent years the supercapacitors
with high capacitances have become very popular due to a
low weigh and dimensions, high power density, a large
number of charge-discharge cycles, long operating
lifetime and comparatively short payback period. This
leads to numerous researches of the stationary [4, 5] or on-
board storage systems [6-12] in the urban transport.
Nevertheless, review of the published researches shows
that all of them are dedicated to the electric vehicles with
AC traction motors. The only few researches are dedicated
to the electric vehicles with DC traction motors.

2 An overview of associated researches

[6] proposes the method of proper sizing of on-board
supercapacitor energy storage system for catenary-free
operations of a tram. It is based on the measurements
made in the process of operation of empty experimental
tram vehicle to estimate power and energy losses and
find optimal size of the storage. It is equal to 0.75+3
kWh and allows to overcome the distance of 1 km with
the slope of 0+1%.

The author [7] presents a control strategy for
improving the energy recovery of AC traction drives and
describes the results of simulation of a railway vehicle
equipped with on-board supercapacitor storage system,
which is based on Maxwell supercapacitor module of
HTM390 type. The control strategy was verified on a
physical model and it was established that supercapacitors
on the board of train allow to reduce the line current over
the 50%. The same result is shown in [8-13]. Furthermore,
[8] compares different types of storages and shows the
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results of experimental research with a prototype of light
railway vehicle GT6N equipped with Mitrac energy saver.
The system allows to achieve the energy saving of up to
30%. But all these researches are dedicated to electric
vehicles with AC motors, accept of [10-13].

[10] investigates different types of electrical vehicles
with supercapacitor storages. There are trolleybus Jelcz
MI21FE and the 116N tram with DC motors. The storage
allows to reduce the energy consumption on 0.9 kWh/km
and nearly 30% of consumed energy. The estimated
payback period equals 7+8 years. At the same time, it
should be pointed out, that according experimental
investigation in [4] the life expectancy of supercapacitor
storages equals 15 years.

The researches of the DC trams of Tatra T34 with DC
motors are performed in [11, 12]. They describe the
prospects of use and modernization of railway vehicles with
DC traction motors. The main schematic solutions and
results of simulation are shown. The storage allows to store
efficiently all the energy recovered during the braking.

In [13] the development of the regenerative braking of
series-wound brushed DC electric motors is shown. The
main reason is the widely usage of series-wound
configuration in electrical vehicles and industry. It
compares two schemes, shows semantical solutions with
full-bridge modification and results of simulation for the
DC motor of FB1-4001 type, which is used in electric cars.

But all mentioned researches are dedicated to the
urban vehicles (metro cars, trams, trolleybuses) and, at
the moment, there are no publications which investigate
the application of on-board storages in sub-urban trains.

3 Behaviours of regenerative braking of
DC ERS with on-board storage

The application of energy storage system on the board of
DC electric rolling stock (ERS) may improve the
electrical effectiveness of regenerative braking and,
simultaneously,  stipulates  the  behaviours  of
electromagnetic transient processes, which run in the
traction power circuits in the charge-discharge modes of
the storage. These behaviours are caused by different
factors. Firstly, peculiarity of charge-discharge cycles.
Their parameters and thus the parameters of the elements
of power circuit are changing in wide rage. Secondly,
numerous types of the DC ERS apply the regenerative
braking mode only till the speed of 51+49 km/h. The
initial speed of the application of regenerative braking
mode is equal to 7462 km/h, in singular case 91+88
km/h. Such speed range of regenerative braking is very
low and it should be extended till the speed 20 km/h or
10+5 km/h when the mechanical braking is applicable
[2]. This purpose allows to increase the effectiveness of
the recovered (kinetic) energy use and may to be
achieved with the application of on-board supercapacitor
storage system (SSS). Thirdly, in the process of starting
up or acceleration the voltage of ERS arises in
proportion to the speed, when the voltage of SSS falls
down within its recharging. Finally, in the regenerative
braking mode (RBM) the speed reduces and thus the
total voltage of motors falls down too. But the voltage of

SSS increases in proportion to the braking current and
the time duration of its flowing. All these behaviours
make the analysis of electromagnetic transient processes
more complicated and keep finding the alternative
approaches for their investigation.

4 Behaviours of regenerative braking of
DC ERS with on-board storage

The main purpose of electromagnetic processes
investigation is the defining of time dependences of
braking current i(¢) in the traction electric motors (TEM)

and voltage u(¢) across the SSS. The defining and

support of braking current constancy is especially
important so long as it is necessary to keep in the constant
value of the braking force.

The principal scheme of the regenerative braking with
the on-board SSS is shown in Fig. 1 for an DC multiple-unit
train (as yet without input and output filters), where Swl is
a pulse controller-interrupter; Sw2 and Sw3 are the voltage
and current pulse controllers (switches).
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Fig. 1. Principal scheme of the on-board SSS charging.

Let us assume the next conditions for calculation and
analysis of the transient processes:

- the inductances of TEMs and inductive shunt are
constant values;

- the diodes VD1 and VD2 are an ideal;

- the controllers Swl, Sw2 and Sw3 operate
instantaneously;

- a rotary speed is a constant at the moments of
controllers’ operation, because the armatures have
considerable inertia masses;

- the pulse controllers are changed by switches;

- a self-excitation stage of TEMs has been finished.
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4.1 The first stage — zone of high speeds

Let accept that in the high speeds (over 50 km/h) the TEMs’
magnet systems operate in the linear part of normal
magnetization curve C (/) within the range from an

initial (maximal) speed V., till a final speed V7, . In the

period of speed decreasing the pulse controller Sw3 holds
the constancy of armatures’ emfs nE,, of n traction

motors connected in series. The braking (charging) current
i(t) 1is kept in constancy by the additional resistance

R,q () using pulse controller Sw2. According to

calculating scheme in Fig. 2 and taking into account that the
braking current i(¢) equals the currents in the armature

iym (f) and in the field coil i (¢), the equation for the
first charging stage may to be written as

ue(t)+ (R + Ry (1)) -1(t)+ Ly % =nE,, =E,, =const,(l)

where Ry =n- (Rarm + Ry + RCW)+ Ry, + Re =
=nRrgy + Rigy + Re

LZ =n: (Larm + Lfc + Lcw)+ Lish = nLTEM + Lish;
E R

armature;
E,, —total generated emf;

L, — emf, resistance and inductance of the

arm ° arm ° arm

Ry, Ly —resistance and inductance of the field coil;

R, , L., —resistance and inductance of the commutating
winding;

Ry, Ly, — resistance and inductance of the inductive
shunt;

R, —internal resistance of supercapacitor storage.
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Fig. 2. Calculating scheme of impulse transmission of electric
energy to SSS.

As for as i(t)=C duc 7, the equation may to be

rewritten as
d*uc Ry +Rga(0) duc 1
dt Ly dt Ly-C

=nEym = Eg =const, 2)

which have to be solved for a certain value of initial
condition u(0)=U -

Let us calculate (2) for a speed ¥V and find the
expression of u(¢) for the charging mode using Classical

approach [14] as
uc(t)=ucy (1) +ucg (1) - 3)
As far as E,, (V) is an invariable in this stage, thus the
voltage u . (¢) for a steady-state mode is
U ()= By =C, DV ()=C @V . 4)
According to Fig. 2 the free component u () of the
voltage for a general case is
Ucy (1) = Aje™ + Aye?'. 5)
As for as Ry >R
p, are negative and have to be found as
Ry + Ry () i\/Rz +Ryga(r) 1
2Ly 4Ly L;C
Let find the integrating constants A, and A4, .
Substitute (4) and (5) into (3) and derive it by ¢ as
Uc(t) = Egpo + 4™ + e,

(7
—dZC =0+ 4 pe™ + 4, p,e™".
t

2\/Ly/C, so the roots p, and

critical —

b1 = . (6)

After solving of (7), the voltage u,(¢#) and the current
i3(?) :Cds—tc in the first stage of charging have to be

found according the expressions:
(EgenO _UCO )Pz eplt _ (Egeno _UCO )
b= P b~ P

+

ue(t) = E, )

en(

E..-U E.,-U
iy(1) =i (1) =200~ 0 ppr _ 0 70 ppat (g
Ly(p—p2) Ly -(py—py)

4.2 The second stage — zone of middle and low
speeds

In the previous stage the TEMs’ magnet systems
reach the full-field mode (C.® = const ) till the speed

Vi - As for as the speed continues decreasing till the
speed V;,, the total emf also reduces and it can’t be
corrected by the current Iy, of field coil, therefore the

impulse mode of RBM should be applied on the
second stage.

According Fig. 2 the regenerative braking operates
with short switching on of TEMs by controller Swl. As
a result, the braking current 7, (¢) flows in the loop 1-2-

3-4 and the equation of this mode may to be written as
. di
(n- Rrpm + Rigy ) - i3 (1) + (n- Lygy + Ligy) 7; =
=Epey () =n-C,@-V(2). (10)

Using Classical approach [14] with initial data
i;(0) =i;(0) = 1, , the equation of current i (¢) is
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n-Repy + Rigy n-Repy + Rigy
n- Lrpy + Ligy

where the time constant equals 7; = .
n- Rrpy + Rigy
While the current #,(¢) is increasing, the TEMs is

storing the electromagnetic energy during the period of
closed controller Swl. After some time, the commutator
Swl is opened so the total emf E,, (¢) = n - E,,, and the

emf of self-induction E, (¢) create the braking current in
the loop 1-2-5-C-R.-Sw2-3-4-1. This process is
described by the next equation

[Radd )+ Rz]' C_dstc_ tuc() =

=n-ce<b-(Vm(r)+‘fZ—f-rj+EL(r), (12)

where

E; (&)= Lrgy +Lish)'|:..—e'__

t
o g, G2 VO
7 n-Repy + Rigy 7

Solution of (12) allows to find the charging voltage

. d
uc(¢) and charging current i;(t) = C%.
In the next turning on of the controller Swl the

TEMs are shorted again and the current 7;(¢) increases.

After turning off of the controller Swl the current
charges the SSS and cycle is repeated again. Such
braking process reduces the speed V' and total TEMs’
emf E,, in (10), therefore the duty cycle and the

additional resistance R4, have to be reduced to keep the

barking current [, = const.

5 Numerical calculations of charging
process

The initial data for numerical calculations were found by
the experimental researches for the EPL2T multiple-unit
train in the process of real operation in the sections of
Prydniprovsk railway (Ukraine). All data were recorded
using on-board control system and train was driven
according standard schedule and driving chart. The
motor car of the train has four DC motors of
1DT.003.L8U1 type, which are connected in series and
have series excitation. Some parameters of TEM
elements are shown in Table 1 [15].

The statistical and probability analyses are done to
find the values of voltage, recovered energy, initial and
final speeds of the regenerative braking mode and they
are shown in Figs. 3-5. The calculations of the voltage
across the SSS and the charging current are performed

using the abovementioned equations (8)-(9), solution of
(12) for a motor car of 3 kV DC multiple-unit train and
results of experimental researches. Let us analyse them
and describe the selection of the initial data for
numerical calculations.

The initial speed V,, of regenerative braking varies

in wide range with the mathematical expectation equals
72.1 km/h in Fig. 3. Its theoretical curve has normal
distribution, therefore this value may to be used in the
numerical calculation as the most probably one.

Table 1. Main parameters of the parts of DC traction motor of
1DT.003.L8U1 type [15].

Values for the
Parts of TEM and their parameters | exceed temperatures
+20°C +75°C
R, [Ohm] | 0052 | 0.068
Armature coil L. [H] | 0.0072 | 0.0072
Commutating R, [Ohm] 0.017 0.022
winding L, ] 0.0033 0.0033
R, [Ohm] | 0.097 [ 0.127
Field coil Ly, [H] 0.014 | 0.014
Coil of inductive | Risn [Ohm] | 0.0306 0.04
shunt Lig, [H] 0.0085 | 0.0085
o57 T L. _________
WV, E(V,)=72.1 km/h
a0st ! Var(V,)=113.6 km/hi
< 045 2 ; 0,;,=10.67 km/h !
50 ; Skew(V,)=0.39 |
Soxm a4 L Kurr,—053 |
0 BV E(V)=49 kmh
£ Var(V)=17.4 km/h
2 026 0y,=4.17 km/h
5 Skew(V,)=1.84
=019 Kurt(V,)=3.8
S 013
& 2
£ 006 K- ‘,1—
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initial V; and final Vg, speeds [km/h]

Fig. 3. Statistical (1) and theoretical (2) distributions of the
initial and final speeds in the RBM.
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Fig. 4. Statistical (1) and theoretical (2) distributions of the
initial and final voltages in the RBM.
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;

‘. W, E(W,)=3.7kW-h l restrict the charging current of SSS, but practically is
C 0493 _ : Var(W,,)=10.9 kW-h’ used only 2+8 seconds of the first stage of RBM.
o a! i gzrb (3 Vg k)V\;}; i Fig. 6. shows of main time dependences of total
50'423 22 | sz?(ng 77 | TEMs’ emf E(t), the voltage of SSS u.(t), the
& 0382 - =C IF;(C)CZ 2495 e charging current i;(z) and the speed V(f) only for case
oz i e when C=3 F and U, =3600V .
Foucras
§ 0141 53500'_ E, (1) @
] 007 E*”OOO-
~
20 2 10, 12 14 16 18 20 22 25001
recovered energy W, (kW h), capacitance C [F] = E
52000 4
Fig. 5. Statistical (1) and theoretical (2) distributions of the Z‘
energies recovered in different phases in the RBM and 1500 —
necessary capacities to store it. - 1
2.1000
The nominal voltage U, of the SSS is one of the g
most significant quantities, which depends on the 500+
volume of recovered energy in a phase of RBM and 0 1
influences on number of series-parallel cells and, as a o 5 10 15 2 925 30
result, on total capacitance and internal resistance of the 1[s]
SSS. According different reasons and researches, which 3800
are overview above in the paper, it is determined by the 3600 4
nominal voltage of current collector (3 kV), or the gggg:
nominal voltage of overhead contact system (3.3 kV), or gsooo-
the open circuit voltage of traction substation (3.6 kV), “52800- uc(?) E. ()
or the total nominal voltage of TEMs (3.75 kV), or the oo o
maximal allowable voltage of TEMs (3.95 kV). The Zzzoo-
statistical analysis presented in Fig. 4 shows that the X2000 5
voltage across the current collector of train in the initial g]ggg:
and final moments of the RBM are varying within the 1400 -]
range from 34 to 4.02 kV with mathematical 5712004
expectations equal 3.752 kV and 3.4 kV respectively. E@gg:
Both values are not distributed by the normal low, so the N 600 V(¢
numerical calculations were performed for a few 400 iy(f
nominal voltages (3.6, 3.75 and 3.95 kV) to find the 208'—
most appropriate of them. 0 ' ' ' ' '
The nominal capacity C of SSS is determined by the
energy W, , which is recovered in a phase of RBM. Fig. %88 ]
5 shows the statistical and theoretical distributions of 3400
these values. The capacities here are calculated for each ingg:
phase of RBM according the next formula: E 2800 ]
O RS
UCnom -(0.5- UCnom) >hzzoo .
It is seen, that it has the mathematical expectation of 52000
2.74 F for the voltage of 3.6 kV. As for as its theoretical 1800 ]
o <1600
distribution does not follow to the normal low, therefore 4400 3
it cannot be used as a nominal value. Capacitances for 1200

the SSS with nominal voltage of 3.6 kV are 2.25, 3 and 21000 ]

4.5 F. Many companies produce the supercapacitors, for ;; 288 :W

example: MAXWELL, YUNASKO, WIMA, Nesscap, 4003 i(t
SAMWHA, IOXUS, Cornell Dubilier et al. The 200
YUNASKO supercapacitors were used in calculations 0 — r . - T T 1
) R 0 2 4 6 8 10 12
and their parameters are given in [16]. t[s]

The residual voltages of SSS are equal to 25, 50 and

75% of the nominal voltage Uy, - Fig. 6. Results of numerical calculations for C=3 F,

. U =3.6 kV and different residual volt : 25%,
The additional resistance 1is calculated as Cnom and different residual voltages: (a) 25%

R, (t)=8.1-0.685-t (Ohm) and is necessary to (b) 50% and (¢) 75% of U cyop, -
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6 Conclusions

The regenerative braking mode of ERS with the series-
wound DC traction motor may to be performed in two
stages with the use of energy storage system. It is seen
from the results, that the capacitor of 3 F with residual
voltage of 50% is suitable in comparison with all other
cases. In this case, the speed changes with the rage of
72+51 km/h and voltage of SSS increases from 1.8 to
3.15kV. The second stage (impulse mode) is operable in
the all cases and allows to finish charging till the SSS’s
voltage of 3.57 kV and train’s speed of 5 km/h. The
calculated time dependences of the total emf, the voltage
of SSS and the charging current look as authentic thus
the mathematical models are applicable and scheme is
operable for practical application.

The research was financed under the Dean’s Grant no
504/03412/1041/42.000100 from the statutory activities of the
Faculty of Electrical Engineering of Warsaw University of
Technology.
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