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Purpose. Development and analysis of the operation of an electrical circuit for controlling a 700 W direct current
electric motor using a contactor on IGBT transistors for operation in diesel locomotives.

Methodology. Analytical and computational methods for developing and analyzing the operation of an electrical
circuit using a contactor on IGBT transistors.

Findings. An electrical circuit for controlling a 700 W DC motor using IGBT transistors was developed. The cir-
cuit allows you to replace electromagnetic contactors with IGBT transistors to improve the technical characteristics
and performance of the electric motor. The use of IGBT transistors allows you to avoid burning of contact groups in
comparison with an electromagnetic contactor. A graphical analysis of the transient processes during switching on and
off of the electric motor using a circuit based on IGBT transistors was carried out. The analysis of the load characteris-
tic of the electric motor at start-up shows that in the initial section the voltage increases according to a linear law. After
the initial increase in voltage, it reaches the set value and the electric motor operates in the operating mode. The analy-
sis of the load characteristics of the electric motor when it is turned off shows, that when the power is turned off, the
motor can’t stop immediately, as the phenomenon of self-induction occurs. When the external voltage is turned off, its
change on the electric motor occurs according to the exponential law. It is shown that for controlling the operation of
the electric motor, it is more appropriate to use an electric circuit based on IGBT transistors, which provides condi-
tions for more stable and safe operation of the electric motor. Using the electrical circuit allows you to find quickly
malfunctions for their further elimination. The electrical circuit allows you to avoid physical wear of its electrical ele-
ments.

Originality. An electrical circuit for controlling an electric motor based on modern electronic components has
been developed, which allows the use of IGBT transistors instead of electromagnetic contactors. On the basis of the
analytical and calculation method and graphical analysis, the expediency of using IGBT transistors instead of electro-
magnetic contactors has been proven.

Practical value. The developed electrical circuit can be applied to control a 700 W direct current electric motor
for operation in diesel locomotives. The proposed electrical circuit allows to increase the mobility of repairs in the
event of a malfunction by replacing the corresponding unit.
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I. I. INTRODUCTION II.ANALYSIS OF RESEARCH AND

In modern engineering, different types of switching PUBLICATIONS

devices are used: electromagnetic and electronic. The Electromagnetic contactors are the most common
electromagnetic contactor has positive aspects: low price, types of switching devices used in modern electrical engi-
ease of installation and repair. But it has a number of dis-  neering. Many works describe the principle of operation,
advantages: burning of contacts, electric arc, weakening types and examples of application in various electrical
of the return spring, as a result of which the power con- installations [1] - [5]. Commutation of electric circuits by
tacts are de-energized with a delay, or at all remain under  contacts in electromechanical devices is carried out by
a high current, large weight and size of the contactor, no  closing and opening them. One of the main disadvantages
possibility of operation at high switching frequencies. of electromechanical contactors is burning of contacts. In
Today, electronic switches are widely used. For example, low-voltage devices with operating currents of more than
modern electronic switches based on IGBT transistors do 1000 A and in some types of medium and high-voltage
not have the disadvantages inherent in electromechanical  devices (including those with lower operating currents), in
contactors. addition to the main contacts designed to carry operating

currents in the closed state, additional - arcing contacts

(arcing) are used in the main circuits contact), on which
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an electric arc is established when the electric circuit is
opened. The arc extinguishing contact is always electri-
cally parallel to the main contact, and the design of the
contact system is built in such a way that the arc extin-
guishing contact closes before and opens later than the
main contact. In the vast majority of switching devices,
their main contacts also perform the functions of arc ex-
tinguishing contacts [4].

Contact resistance is formed due to two reasons: 1)
narrowing or tightening of current lines in the contact
zone of contacting parts, and 2) the presence of oxide,
sulfide, and other films in the contact zone. The effect of
current line contraction on contact resistance is explained
by the fact that due to the roughness of contact surfaces
(even those that at first glance seem perfectly smooth), the
real contact area is one to two orders of magnitude
smaller than the imaginary contact area. The effect on the
contact resistance of micron-thick films is explained by
the fact that these films have a very high specific resis-
tance, which is many orders of magnitude (up to 10")
higher than the specific resistance of pure metals [4].

A new closed-loop sensorless method for reducing
contact bounce on closure of a contactor has been pro-
posed. Several approaches to the problem have already
been described; most of them use some kind of sensor to
establish the position and speed of the contacts in real
time, whereas in our approach, the position and speed of
the moving armature and contacts are calculated by using
only the current and voltage values of the contactor coil as
control inputs. A fuzzy controller takes as input the posi-
tion and velocity of the armature and provides as output
an intensity set point that controls the velocity of the clo-
sure of the contacts. Inexpensive electronic modules have
been developed that implement the control system and
integrate it into the contactor. The module eliminates the
bounces completely and thus prevents the contacts from
repeatedly making and breaking the circuit [6].

The authors of the article [7] gave a numerical as-
sessment of the effect of pressing the contactor contacts in
the power circuits of electric rolling stock on their plastic
deformation and melting using the proposed engineering
method.

Article [8] is devoted to experimental studies and
numerical modeling of pulsed heating of high-current
electrical contacts in a wide temperature range - up to the
melting temperature. It is established that electrode weld-
ing begins when the temperature is significantly lower
than the melting temperature. Features of the processes of
softening and melting of the contact zone are described.

In the article [9], a mathematical model of a high-
speed drive based on an IDM and a bistable mechanism
was developed, which includes the equation of the elec-
tromagnetic field of an electric circuit and the equation of
motion. The model correctly describes physical processes
and can be used to develop and study the design of high-
speed wires. On the basis of variable calculations, it is
possible to solve the problems of finding the necessary
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parameters of the drive with the aim of obtaining: a) a
small value of the closing time of the contacts and avoid-
ing "rattles" when switched on; b) high initial speed and
overall low value of contact opening time (less than 1
ms), reduce dynamic loads and drive elements and contact
system.

The article [10] discusses the method of determining
the surface temperature of high-current breaking contacts
operating with arcless alternating current commutation.
The determination of the temperature was based on the
numerical solution of the limiting inverse problem of
thermal conductivity. Calculations of the temperature of
the contact surfaces as a function of time have been ob-
tained. The calculation was performed using the Math-
CAD application program package. The obtained tem-
perature values using this technique are more accurate
than when using the existing ones.

The article [11] presents the results of studies of
electrothermal processes in the contacts of switching de-
vices. The cause-and-effect factors of failure of switching
devices of transformer equipment are analyzed. Methods
of probabilistic analysis and experimental studies of con-
tact resistance depending on non-sinusoidal current and
the number of commutations are proposed.

Solving the problem of contacts, which are charac-
teristic of electromagnetic contactors, is achieved by us-
ing electronic contactors using IGBT transistors. The
IGBT transistor is a three-electrode power semiconductor
device that combines two transistors in one semiconduc-
tor structure: bipolar (forming a power channel) and field
(forming a control channel). This device has absorbed the
positive properties of a bipolar transistor (high voltage
between the collector and the emitter) and a field transis-
tor (control is by means of an electric field, not by current
as in a bipolar transistor) [12] - [16].

The development and improvement of circuitry us-
ing IGBT transistors is important. The authors of the arti-
cle [17] proposed an improved hybrid direct current con-
tactor, in which the introduction of new structural ele-
ments and connections allows for arc-free switching of
the circuit when the device is turned on and off; allows
you to use it in reversible switching schemes, to ensure
the absence of a zone of possible switching with an arc, to
ensure low dimensions, weight and cost of the contactor,
to increase the reliability of its operation.

The IGBT transistor has a number of positive prop-
erties: light weight, not large size, power, high switching
frequency, lack of physical wear, longer shelf life. Disad-
vantages include: price, a more complicated installation
and debugging process, passive cooling is required for
heat removal, power is lost at high switching frequencies
(approximately 20-50 kHz) [18].

Analysis of research and publications devoted to
various types of electric and electronic contactors allows
us to consider the development and improvement of con-
trol schemes using IGBT transistors as relevant.
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III. FORMULATION OF THE WORK PURPOSE

The purpose of this work is to develop and analyze
the operation of a circuit for controlling a 700 W direct
current electric motor using a contactor on IGBT transis-
tors for operation in diesel locomotives.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

The use of electromagnetic contactors in electric
motor control circuits has the following features. When
the control voltage is applied to the contactor coil (elec-
tromagnet), it immediately enters the saturation state and
attracts the armature to the core, which in turn closes the
contacts, and an electric current begins to flow in the elec-
tric power circuit. But it should be noted that when the
voltage is turned off, the magnetic field of the coil

D3

changes slowly, an EMF of self-induction occurs, under
the influence of which the current will decrease slowly.
Due to this, the time of switching off the contacts in-
creases, or in general the armature can be kept in the
closed position, and this can lead to the failure of the
equipment, or even cause a fire.

To prevent the negative consequences that arise
when using electromagnetic contactors, we have devel-
oped a basic electrical circuit for controlling an electric
motor using IGBT transistors (Fig. 1). Such an electrical
circuit can be used to control the operation of a direct
current electric motor, namely, turning on or off a 700 W
electric motor when working in a TEM-2 diesel locomo-
tive.

—
4Tk
(+}
FUSE 45A o/
*{ i} = * o =
KN2 mps s
o8 R1
1 M ===
33K
ps c2
Ri0 ® KN i) - ¥ a1 Q2
[ 4Tk == €1 R2 R4 R
Z2 D1 040F iz ]
1N4T424 ioifs 470 470 470
D =
D4 RS
Bl R3 10K
1 g 10K
1
|

Q3

RT
10K

Figure 1. The basic electrical circuit for controlling a 700 W direct current electric motor using a contactor on
IGBT transistors for operation in a TEM-2 diesel locomotive

The principle of operation of the electrical circuit is
as follows. When the KN1 button is closed, the power
indicator D4 lights up (blue color), which signals the op-
eration of the battery. To turn on the electric motor, you
need to close the KN2 button, the D2 indicator lights up
(green color), which signals that the voltage is supplied to
the parametric voltage stabilizer D1 through the resistor
R1, which sets the stable operation of the Zener diode.
The stabilization current is / = 0.02 A. After the Zener
diode, we get a constant stabilized voltage of 12 V. The
control voltage of 12 V is supplied through resistors R2,
R4, R6 to the gates of the IGBT transistors, which are
connected in parallel to distribute evenly the load between
them. The transistors enter the saturation state and open,
as a result of which the electric circuit of the motor is
closed to minus (Ground) and an electric current begins to
flow in the power electric circuit.

It can be seen from the diagram that the electric mo-
tor is supplied with a voltage of 60 V, a current of 12 A,
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that is, the total power of the electric motor will be equal
to

P=60V-12A=700W.

The load is evenly distributed on the IGBT transis-
tors, as an electric current of 4 A flows through each
IGBT transistor. Let's determine how much power each of
them can  withstand. As you know, the
FGA25N120ANTD IGBT transistor dissipates 312 W of
power. Since the power of one IGBT transistor is equal
to:

PIGBT: 700/3 =233 W,

then there is a power reserve. But you should not forget
about the cooling system of IGBT transistors, as it will
ensure the prevention of possible emergency situations.

In the basic electrical circuit for controlling the elec-
tric motor, the D3 indicator is installed parallel to the mo-
tor. This is done for safety purposes: if the KN2 button is
open (there is no control voltage on the gates of the IGBT
transistors), and the engine continues to work, it means
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that there is a short circuit to the ground (Ground), or the
transistors have failed, or for some reason, the transistor
does not enter the cutoff (opening) state.

Figure 2 shows graphs of the dependence of the
voltage change on the IGBT transistors on the time during
switching on and off.
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Figure 2. Graphs of the dependence of the voltage change
on IGBT transistors on time during switching on and off.

The use of IGBT transistors in comparison with
electromagnetic contactors shows a completely different
result: switching on occurs almost instantly, and the volt-
age acquires the required value, that is, the IGBT transis-
tor opens. This type of voltage change does not affect the
operation of the equipment. When turned off, the IGBT
transistor is completely closed, but no electric current
flows through it. In this way, a safer mode of operation of
the load is achieved.

Figure 3 shows the graph of the dependence of the
voltage change on the electric motor when it is turned on.
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Figure 3. The graph of the dependence of voltage change
on time for the electric motor when it is turned on.

The analysis of the load characteristics of the elec-
tric motor when it is turned on (Fig. 3) shows that in the
initial section the voltage increases according to a linear
law:

U =kt,
where k — the coefficient of proportionality, ¢ — time.

After the initial increase in voltage, it reaches the set
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value and the electric motor operates in the operating
mode.

Figure 4 shows the graph of the voltage change ver-
sus time on the electric motor when it is turned off.

Turn Off engine

Figure 4. The graph of the dependence of voltage change
on time for the electric motor when it is turned off.

Analysis of the load characteristic of the electric mo-
tor when it is turned off (Fig. 4) shows that when the
power is turned off, the motor can’t stop immediately; as
the phenomenon of self-induction occurs (it becomes a
generator). At the same time, self-induction voltage oc-
curs, which falls on the collector of the transistor and can
cause damage to it. But modern field-effect transistors
have a diode in their structure that protects against such
dangerous situations.

When the external voltage is turned off, its change
on the electric motor occurs according to the exponential
law:

t
U=Uyge ",
where U, — the saturation voltage, T — the relaxation time.

The relaxation time characterizes the rate of change
of the current in the circuit and, accordingly, the voltage
on the electric motor and is determined by the value of the
inductance and active resistance of the electric circuit:

t=L/R,
where L — circuit inductance, R — active circuit resistance.

This nature of the voltage change on the electric mo-
tor is explained by the fact that when the external voltage
is turned off, the current through the inductance coil of
the electromagnetic contactor decreases, which leads to
the emergence of an EMF of self-induction, which will
prevent the current from decreasing according to Lenz's
rule.

Analysis of the graph of the voltage change versus
time on the electric motor when it is turned off, shown in
Figure 4, shows that when the external voltage on the
IGBT transistor is turned off, its value decreases to zero
almost instantly. That is, there are no transient processes
that occur on the electromagnetic contactor. Thus, the use
of an IGBT transistor to control the operation of an elec-
tric motor can’t lead to equipment failure and is safer.



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Nel (2023)

Po3nin «Enexkrporexnika»

V.CONCLUSIONS

1. An electrical circuit for controlling a 700 W DC
motor using IGBT transistors was developed.

2. A graphical analysis of the transient processes
during switching on and off of the electric motor using a
circuit based on IGBT transistors was carried out.

3. The analysis of the load characteristic of the elec-
tric motor at start-up shows that in the initial section the
voltage increases according to a linear law.

4. The analysis of the load characteristics of the
electric motor when it is turned off shows that when the
power is turned off, the motor can’t stop immediately, as
the phenomenon of self-induction occurs. When the ex-
ternal voltage is turned off, its change on the electric mo-
tor takes place according to the exponential law.

5. It is shown that for controlling the operation of the
electric motor, it is more appropriate to use an electrical
circuit based on IGBT transistors, which provides condi-
tions for more stable and safe operation of the electric
motor.
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Mema pobomu. Pospobxa i ananiz pobomu enrekmpudHoi cxemu 015 KepyBaHHA eneKmpoO8USYHOM NOCMIUHO20
cmpymy na 700 Bm i3 3acmocyeannam konmakmopa na IGBT-mpan3ucmopax ons pobomu y mennogo3ax.

Memoou docnidowcents. Ananimuxko-po3paxynkosi memoou 0iist po3poOKU [ aHalizy pooomu eleKkmpuyHol cxemu i3
s3acmocysannim konmaxkmopa Ha IGBT-mpanzucmopax.

Ompumani pezynomamu. Pospobnena enrexmpuyna cxema Kepy8aHHs eNeKmMpoOBUSYHA NOCMIUHO20 CMPYMY HA
700 Bm i3 3acmocyeannam IGBT-mpansucmopis. Cxema 0036014€ 3aMIHUMU €eKMPOMASHIMHI KOHMAKMOPU HA
IGBT-mpansucmopu 015 NOKpAWEHHA MEXHIUHUX XAPAKMePpUCmuK ma npooyKmueHoCmi pobomu eieKmpoosucyHda.
3acmocysanus IGBT-mpan3ucmopie 0038014€ YHUKHYMU NIO2OPAHHA KOHMAKMHUX 2PYR 8 NOPIGHANHI 3 eleKmpoMae-
HimHum Koumaxkmopom. Ilposedeno epagiunuil ananiz nepexionux npoyecié npu GMUKAHHI I BUMUKAHHI eIeKMpPOoOsU-
2yua i3 sacmocysanuam cxemu Ha IGBT-mpansucmopax. Aunaniz nasaHmadicy8anbHoi XapaKxmepucmuku eiekmpoosu-
2YHA NPpU BMUKAHHI NOKA3YE, WO HA NOYAMKOBIU OLIAHYT 3pOCMAHHA Hanpyeu 8i00y8acmuvcs 3a JiHitHuUM 3akoHoM. Ilic-
JIl ROYAMKOB020 3POCMAHHA HANpyeu 8i00Y8aAEMbCA 8UXI0 11020 HA 3a0aHe 3HAUeHHA | podoma eleKmpoo8U2yHa npoxo-
oumu y pobouomy pedxicumi. Ananiz HABAHMAICYBANLHOI XAPAKMEPUCIMUKU eNeKMPOOSUSYHA NPU BUMUKAHHI NOKA3YE,
Wo npu BIOKMOYEHHT JHCUBLEHHS, 08USYH 00paA3y 3YNUHUMbCS He MOodice, MAK K Mae micye siguwge camoindykyii. Ilpu
BUMUKAHHI 308HIUHBOT Hanpyeu iT 3MiHa HA eleKmMpPOOBUSYHI 8I0DYBAEMbCS 30 eKCNOHeHYIaNbHuM 3akoHoM. Tlokaszano,
Wo Onsi KepyeamHs pobomolo enekmpoosucyna Oinbul 0oYiibHO GuKxopucmanus eiekmpuynoi cxemu na IGBT-
MPAH3UCMOPAx, wjo 3abe3neuye ymosu oinbs cmabinbuoi ma 6e3neynoi pobomu enekmpoosueyHa. 3acmocy8anhs eie-
KMPUYHOT cxemMu 00380JIA€ WBUOKO 3HAUMU HEeCNPABHOCMI 0I5l ROOAIbUO20 IX ycYyHeHHs. Enekmpuuna cxema 0038075€
VHUKHYMU i3UtH020 3HOCY i1 eNeKMPUYHUX eleMEeHMIE.

Hayxosa nosusna. Pospobaena enekmpuuna cxema 051 Kepy8anHsi e1eKmpoOBUSYHOM HA CYUACHUX eNeKMPOHHUX
KoMnonenmax, axka 0ozeonsc 3acmocyeamu 1GBT-mpanzucmopu samicme enekmpomazuimuux konmakmopis. Ha nio-
cmasi  amanimuKko-po3paxyHKo8020 memooy i epagiunoco auanizy 0osedeHo OoyinbHicms ukopucmanua IGBT-
MPAaH3UCMOpi6 3amMicmob eAeKmpPOMASHIMHUX KOHIMAKMOPIS.

Ilpakmuuna yinnicms. Po3pobaena enekmpuuna cxema modce 6ymu 3acmoco8ana O KepyeanHs elekmpoosuzy-
HoM nocmitinozo cmpymy wa 700 Bm 0ns pobomu 6 mennogosax. 3anponoHosana eieKmpuiHa cxema 003605€ 30i1b-
wumu MOOIILHICMb PEMOHMY 6 PA3i HECNPABGHOCIIE WLISIXOM 3AMIHU 8I0N0GIOH020 ONIOKY.

Kntouosi cnosa: enexmpuuna cxema Kepyeanna enekmpoosuzynom; konmaxkmopu; 1GBT-mpanszucmopu; ene-
KmMpooguzyn noCmiiinozo cmpymy.
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