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The article analyses electrical braking systems with direct current motors. It develops an experimental setup
for studying the self-excitation of a traction motor. The research demonstrated the feasibility of implementing
electrical braking systems with motors operating in the series excitation generator mode.
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Introduction

Nowadays, with a significant deficit of electrical
energy in Ukraine and frequent disconnections of
individual  city  neighbourhoods  from  power
consumption, ensuring the safe operation of electric
transport is a pressing issue. In numerous cases, even
traffic lights may not function, necessitating reliable
operation of the electric braking system in the absence
of electrical voltage in the network to ensure timely
stopping of the vehicle. Notably, traction electric motors
of urban electric transport typically employ series
excitation direct current motors. Until recently, the most
common braking systems have been those where
traction motors operated as separately excited
generators. It meant connecting the excitation windings
to the power supply network and the armatures to
braking resistors. If there was no voltage in the power
network, such a braking system did not work.

Addressing this issue necessitates an autonomous
energy storage unit to supply the excitation of traction
motors in braking mode or to ensure their self-excitation
when operating in the series excitation generator mode.
Implementing an autonomous energy storage unit on a
vehicle requires significant investment. As for the latter
option, some technical solutions are available, but there
is no information about their application in vehicles.

Literature Review

To date, implementation of electric rolling stock is
taking place, utilising traction electric drives with direct
current motors connected to pulse voltage converters
employing IGBT transistors [1-8]. The standard
electrical scheme by firms such as Cegelec, Ganz
Ansaldo, and others includes a pulse converter with four
IGBT transistors (VT3-VT6) with reverse diodes to
reverse the series excitation winding and two IGBT
transistors (VT7, VT8) for the armature.

This electrical scheme provides independent
regulation of the excitation current and armature

current, implements energy recuperation during braking,
and contactless reversal of the excitation circuit.
However, the electrical scheme contains six powerful
IGBT transistors, and its characteristics are significant
electrical energy losses in the transistors. Additionally,
the motors function as separately excited machines
in both traction and braking modes.

In our urban electric transport conditions, energy
recuperation during braking into the grid is almost
impossible due to using uncontrolled rectifiers at
traction substations. However, during braking, electrical
energy from the grid is supplied to the excitation
windings of the motors, which operate as separately
excited generators.

Several studies [9-10] present electric braking
systems in which traction motors operate as series
excitation generators. A combined method of electric
braking and an electric braking system with a variable
structure can serve as a general approach. These methods
provide braking at the initial stage by using the traction
motors as series excitation generators, followed by
automatic regulation of the excitation current of the
generators using a pulse converter by shunting the
excitation windings’ input of this converter. This approach
leads to the formation of braking characteristics close
to those with independent excitation. Additionally, there
is no need to consume electrical energy from the grid
for motor excitation, and the converter output energy
remains available for internal use.

Research Aim

The study aims to investigate the self-excitation of
a series excitation generator to enable the implementation
of an electric braking system independent of the voltage
presence in the network.

Discussion of Results

During the development of the test bench, series-
excited DC traction motors of the TE-022 type,
manufactured in Czechoslovakia, were used. These
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motors have a power rating of 45 kW, a nominal current
of 150 A, a nominal voltage of 300 V, and a nominal
rotational speed of 1750 rpm. We installed such TE-022
motors on Tatra T3 tramcars as traction motors,
arranged in pairs in series. The test bench employs four
of these traction motors paired up. In each pair, the
motors connect with shafts. The test bench allows for
using either one or two pairs of motors.

Fig. 1 shows the external view of the test bench
for investigating a series-excited DC traction motor
operating in generator mode.

Fig. 1. External view of the test bench for investigating
a series-excited DC traction motor operating
in generator mode

We used one pair of traction motors, with one
operating as a motor and the other as a generator, to
investigate the self-excitation of the traction motor in
series-excited generator mode.

The used power source was a three-phase controlled
rectifier, with its input connected to a 380 V, 50 Hz network.

Fig. 2 shows the simplified electrical diagram
of the test bench for investigating the self-excitation
processes of series-excited generators.

The drive motor draws power from a three-phase
thyristor converter. A manual potentiometer regulates
the voltage on the drive motor. A tachogenerator of the
ET-4 type mounted on the shaft of the tested motor
measures the rotational speed. The test bench allows for
the automatic short-circuiting of the generator power
circuit or the connection of a resistor with different
resistance values in the circuit.

We recorded transient processes in the power circuit
and the motor rotational speed during the experiments
using a USB Autoscope 111 oscilloscope and a laptop.

The experiments used various resistance values
of the resistor in the power circuit.

To determine the minimum critical speed of the
tramcar, which makes self-excitation of the series-excited
generator possible, we gradually increased the voltage
on the drive motor. Recording the self-excitation

process of the generator and the motor’s rotational
speed involved an oscillogram.
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Fig. 2. Simplified electrical diagram of the test bench
for investigating the self-excitation processes
of series-excited generators

The self-excitation process from residual
magnetisation in the series-excited generator, even with
the windings short-circuited at the initial stage, progresses
slowly, as seen from the oscillogram in Fig. 3. Only when
the rotational speed reaches 227 rpm does an intense
increase in the braking current in the generator power
circuit occur, reaching a value of I = 130 A, and forming
a braking torque proportional to the square of this current:
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Fig. 3. Oscillograms of the self-excitation of the traction
motor in generator mode with short-circuited windings
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As a result, the rotational speed and, consequently,
the braking torque decrease significantly. With a further
increase in voltage on the drive motor, the rotational
speed does not rise substantially because the braking
current and braking torque increase again.

Thus, we can conclude that the self-excitation
process of the series-excited generator occurs
intensively with a rapid increase in current and torque.
Therefore, it is necessary to decrease the excitation
current for controlled self-excitation.

Fig. 4 shows the oscillogram of the generator’s
self-excitation, including Ry = 0.2 Ohms in the
generator’s power circuit. As seen from the oscillogram,
the self-excitation process of the generator occurs
at a speed of 330 rpm, and the increase in current is less
intensive, reaching | = 80 A with an increase in voltage
on the drive motor.
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Fig. 4. Oscillograms of the self-excitation of the traction
motor in generator mode with Ry = 0.2 Ohms included
in the generator circuit

Introducing the braking resistor slows the generator’s
self-excitation process in the second braking stage.

The oscillograms of the self-excitation of the traction
motor in generator mode with the resistor Ry = 2.1 Ohms
included in the generator circuit are shown in Fig. 5.
As seen from the oscillogram, the self-excitation process
of the generator occurs at even higher speeds, reaching
410 rpm, and the increase in current reaches 1 = 75 A
with an increase in voltage on the drive motor.

Based on the obtained results, we calculated the
dependency of the critical speed on the braking resistor
resistance.

The critical speed we calculated based on the
corresponding motor revolutions:
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Fig. 5. Oscillograms of the self-excitation of the traction
motor in generator mode with the resistor Ry = 2.1 Ohms
included in the generator circuit

Thus, as a result of the research, it has been
established that the critical speed decreases with
the reduction in the braking resistor resistance R,.
Introducing the braking resistor into the series-excited
generator circuit reduces the current surge and braking
torque. For controlled self-excitation, it is necessary
to decrease the excitation current of the generator.

Fig. 6 shows the dependency of the critical speed
on the braking resistor resistance.
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Fig. 6. Dependency of the critical speed on the braking
resistor resistance

Conclusions

The paper analyses electric braking systems for
vehicles with direct current motors, revealing systems where
motors operate as generators. However, information
regarding their implementation is lacking.

We developed an experimental full-scale test bench
to investigate the self-excitation of traction motors in
the series excitation generator mode.
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The investigations on the self-excitation of the
traction motor in the series excitation generator mode
have demonstrated the feasibility of implementing electric
braking systems with motors operating in the series
excitation generator mode.

The study obtained dependence of the critical
speed on the braking resistor resistance.
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JIOCJIJIZKEHHS TATOBOI'O EJIEKTPOABUI'YHA IMIOCTIMHOI'O CTPYMY B PEKUMI
IT'EHEPATOPA INOCJIAOBHOTI'O 3BY J’KEHHSI
M.I. [nika, B.A. I'epacumenko, 1.0. Kocrenko, B.1. Ckypixin
XapKiBChKUI HalliOHAILHUN YHIBEPCUTET Micbkoro rocronapcrsa imeHi O.M. bekeroBa, Ykpaina

YV cxnaoi msaeosozo enexmponpusoda nazemno2o eiekmpuuHo20 MpAHCnOpmy GUKOPUCOBYIOMbCA MA206i
en1eKmpo08U2YHU NOCMITIHO20 CIPYMY ROCTI008H020 30y0dicenHs. [0 HedasHbo2o yacy HAubiIbuw nowuperumu 0yau
cucmemy  eeKmpUIHO20 2ANbMYBAHHS, 6 SAKUX MA208I OBUSYHU NPAYIOBANU 2eHepamopam  He3aiedCHO20
30y0oicennsa. ¥V yvomy pasi obmomku 30y0xceHHs NIOKAIOUATUCL 00 MEPeXHCi HCUBNeHHS, d AKOPI 8KINOYANUCL HA
eanvmieni pesucmopu. Ilpu giocymmocmi Hanpyau @ Mepedici HCUBIeH s, MaKa CUCMeMd 2albMY8AHHS He NPAYIOE.

Hna eupiwenns ybo2o numanHsa HeoOXiOHO ab0 Mamu A6MOHOMHUN HAKORUYY8AY eNeKmpuunoi emepeii ons
3abe3neyenis 30y0AceH s MALOBUX eeKMPOOBULYHIE 8 2ATbMIBHOMY pedcumi, abo 3a0e3nequmu ix camo30y0xHceHHs
npu pobomi 6 pedxcumi 2eHepamopa NocniooeHo2o 30y0dxcens. Bnposadcenns agmoHOMHO20 HAKONUYY8AUd
enexmpuyHoi emepeii na mpancnopmuomy 3acobi nompebye 3maynux sampam. [ ocmannb020 eapianma €
MexXHIuHI piulenHs, ane 8I0CYMHI 8I00MOCMI NPO 3ACMOCYSAHHS IX HA MPAHcnopmuux 3acobax. Tomy docniodicenHo
Camo30y02CeHHs 2eHepamopa NOCai008HO20 30Y0iCeHHs 015 3a0e3neUeHHsT MONCIUBOCMI 8NPOBAONCEHHS CUCTEMU
EIeKMPUYHO20 2ATIbMYBAHHSA, He 3ANeNHCHOT 8i0 HAABHOCMI HANPY2U 8 Mepedici, | NPUcesyeHa ys poooma.

Y pobomi nposedeno amaniz cucmem enekmpuuHO20 2ANbMYSAHMS 3 OBUSYHAMU HROCMIUHO20 CHPYMY.
Pospobneno excnepumenmanvruti HamypHuii cmeHo 015 00CIONHCEHH CAMO30YO0HCEHHS MA08020 eNeKMPOOSUSYHA.
IIposedeni 0ocniodicennss, AKi NOKA3AAU MONCIUBICMb BNPOBAOICEHH CUCIEM eNeKMPUUHO20 2ANbMYBAHHS 3
O0BUSYHAMU 8 PEdHCUMI 2eHepamopa NOCTI008HO20 30Y0HCEHHS.

Ha ocnosi ompumanux pesyibmamie po3paxoeana 3a1exCHiCMb KPUMUYHOL W8UOKOCHI 810 ONOPY 2aNbMIGHO20
pesucmopa. Y pesyrvmami npogedenux O0CHiONHCeHb SCMAHO6NEHO, WO KPUMUUHA WEUOKICIb 3HUMNCYEMbCA 3i
3MEHWEHHAM ONnOpy 2albMiBHO20 pe3ucmopa. Beedenns canvmienozo pezucmopa y 1aanyloz 2eHepamopa
NOCTIO06HO20 30Y0ACEHHSA 3MEHULYE KUOOK CIMPYMY A 2ANbMIBHO20 MOMeHmY. [N pe2yibo8ano20 camo30yoxcens
HeoOXiOHO 3MenuLysamu cmpym 36y0xCceHHs ceHepamopa.

Kniouogi cnoga: enexmpodsucyn, 06mMomku 30y0cenHs, elekmpuite 2arbMy8ants, eeHepamop nociioo8Ho20
30y0oicenns, DC-DC nepemesoprosau.
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