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В настоящей работе приведен анализ потребности и 
технической целесообразности использования электронагревателей в 
системах теплоснабжения. Предложено использование индукционных 
нагревательных установок при создании индивидуальных 
систем отопления. Рассмотрены электромагнитные системы 
преобразования электрической энергии в тепловую, выполненные 
в виде коаксиальных цилиндров с использованием ферромагнитных 
сердечников. Анализ проведен на основе магнитных схем замещения. 
Сформулированы пути оптимизации рассмотренных устройств, 
используемых при нагреве жидкостей в водонагревателях широкого 
назначения.
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APPLICATION OF IGBT CONVERTERS 
FOR TRACTION DRIVES

Topicality of the research problem is based on the practical needs 
and possibilities (opportunities). The development of energy efficient 
transportation systems is a priority field in strategic programs. Trams are 
one of the most efficient transportation vehicles in cities. The requirements 
for public transportation include energy efficiency, environment saving, 
comfort, safety, attraction and reliability. This is a specific field where 
transportation of each city is a unique system that is described with 
technical parameters: specific width of tramway, type of supply voltage, 
type of overhead contact line and current collection devices, certain 
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vehicle and wagon types and traditionally formed traffic conception. Tram 
operators and depots of each city are a tram building enterprises in a 
sense, because trams need regular maintenance, repair and modernization. 

Keywords: motor torque-speed operation ranges, electric 
transportation system, controllability of the multi-motor drive system, the 
field-weakening range, traction force distribution problems, overcurrent 
or overvoltage protection systems. 

INTRODUCTION
Light-rail vehicles are mainly vehicles with light– weight intended for use 

in short distances. Trams are light-rail vehicles that are intended to be used on 
tramways in city streets. Trams usually consist of one to three tramcars. Light-rail 
vehicles usually have multiple traction motors that are connected as one drive 
system. Different drive configurations are used on different types of rail vehicles. 
These traction drive сonfigurations and control systems should fulfil all the needed 
functions with required response and accuracy, function correctly in all modes of 
operations and environment conditions and should also be reliable, disturbance 
insensitive, stable, with suitable construction, easily testable, maintainable, 
repairable and reasonably low-priced. Mainly, such modern control systems are 
implemented using software-based control on microprocessor control systems.

The control of all bogies with one acceleration rheostat is used on old ČKD 
Tatra tramcars (also in Oskemen, Temirtau, Karaganda). Such a system does not 
allow separate control of bogies or anti-slip control. The bridge circuit shown in 
Figure 1 is used to stabilize magnetization on electrical braking. Series connection 
of different motors is the only possibility for torque and current equalization there.

MAIN PART
The armature current of one bogie is series connected with the excitation of 

another bogie using such a bridge circuit. This circuit is also keeping magnetization 
current on freewheeling and thus has a weak self-braking effect. Real systems 
in addition to circuits described in the simplified circuit diagram, require eight 
contactors for drive reversing, six contactors for field weakening control and 
contactors for switching between the driving and braking mode.

Figure 1 − Simplified main circuit on braking of an old rheostat-controlled tram

Several resistors are used for control and limiting of current – RPA that is 
continuously in circuit and required for magnetization and RZ or acceleration 
rheostat used for the control of traction and braking force. The given circuit does 
not allow complete freewheeling because of magnetization supply that causes 
weak self-braking. In addition to rheostat RZ, the current is controlled using resistor 
RPB that is on the roof of ČKD Tatra KT4 tramcar. Given braking circuit is also 
widely used in many switch-mode converter based traction drives – in Almaty [1] 
and Nur-Sultan [2]. The boost converter is connected instead of rheostat RZ and 
resistors RPA, RPB that allow regeneration of braking energy to the contact network. 
The main disadvantage of this circuit is the complexity of operation and a large 
amount of contactors. 

The system with one rheostat described in Figure 2 lacks torque equalization 
possibilities because both bogies are connected in parallel and currents cannot be 
separately controlled. 

 
Figure 2 − Simplified main circuit on driving of an old rheostat-controlled tram

The main drawback of such a circuit is lack of constant speed operation mode. 
Constant speed cannot be kept without freewheeling or braking which leads to 
high losses in the acceleration rheostat and inefficient operation of traction motors. 

Measurements of electronic equipment depend on the available width of 
vehicles. The choice of DC motors is economically reasonable because of the 
reliability of existing traction motors and remaining long lifetime. Thus, the need 
for special solution led to the development of a new traction drive. The power unit 
[3] hardware developed by the author of the thesis is designed for use with both 
DC traction motors and AC traction motors (asynchronous motors). The new drive 
system enables effective regeneration of the braking energy to the contact network 
and combined regenerative braking mode with the use of the braking resistor. The 
common magnetization circuit and its control allow the simplification of the power 
circuit with reduced component amount and cost. Separate power circuit wiring is 
needed for separate control of bogies, but the system is more flexible, redundant and 
allows the use of smaller and cheaper power modules than the single converter system. 
Traction and braking force are controlled automatically using separate modules of 
the traction converter. Limiting of armature current of DC motors using switch-mode 
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converters is needed for limiting of the output torque and power on acceleration and 
braking. Replacement of series-excitation with separate magnetization leads to more 
stiff characteristics of traction motors. This problem can be smoothed via appropriate 
control of traction motor currents. The voltage of magnetization is low that leads to 
very small duty-ratio of the excitation converter. Switch-mode is suitable because 
of high time-constant that avoids discontinuous current operation. The main circuit 
diagram of the new drive system is given in Figure. 3.  

 

Figure 3 − The new main circuit for modernization of Tatra trams

The magnetization of all traction motors in tramcar (according to Figure 3) is 
supplied through one converter, thus magnetization cannot be separately controlled. 
The electromotive force of all bogies is checked to allow field weakening of all 
bogies. This is done via output voltage monitoring of all current controllers. A 
speed sensor is used in system to estimate electromotive force for ensuring stable 
magnetization control on freewheeling and instability conditions. 

The excitation voltage should be continuously controlled to keep excitation 
current stable because the input voltage of the vehicle varies in a wide range and 
resistance Rf of the series connected excitation winding depends on the temperature. 
Numerical PI controller can be used for the compensation of these disturbances. 
Stable regulation of magnetization is important because transients and dynamic 
errors of magnetization current lead to transients in electromotive forces of all 
traction motors. The control of excitation current in the new drive is shown in 
Figure 4, and in Figure 5. 

Figure 4 − Experiment of excitation current increase 0...150 A 

Magnetization circuit is a slow control object because of high inductance. 

 
Figure 5 − Experiment of excitation current decrease 150...50 A 

Current control on the steep step-change of the reference value is shown in 
Figure 5. The windings of four traction motors were connected in series during 
the experiment. 

Magnetization is controlled differently in different modes of operation and 
conditions. 

1 The controller is disabled (switched off) when the DC-link voltage is below 
the minimal voltage needed for magnetization supply. This allows stable excitation 
of motors at low supply voltages. Low voltages of DC-link and thus low voltages 
of magnetization occur on unstable braking when the system is disconnected from 
the network (off-line mode). 

2 Upper limits of the magnetization current and voltage are needed to avoid 
saturation of magnetization poles that could lead to inefficient operation of 
motors. Increasing of the magnetization current for higher acceleration or braking 
torque is not reasonable because the increase of magnetic flux and torque is not 
significantly high on the increase of the magnetization current. The limit of the 
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magnetization voltage is needed to limit the magnetization current in the case of 
failure in magnetization current feedback. 

3 Lower limit of the magnetization current is needed to limit the maximal 
driving speed. Higher speed cannot be allowed because the required braking 
power cannot be achieved, as the electromotive force cannot be increased over 
the maximal allowed voltage of DC-link capacitor bank. The maximal speed of 
traction motors is also limited for mechanical reasons. 

4 The temporary limit of the magnetization current is needed when the 
magnetization circuit cannot be supplied from the network with the required power. 
This leads to the temporary limitation of the electromotive force of motors. This 
is needed during the charging process of the DC-link capacitor bank. 

5 Temporary limit of electromotive force is used in the unstable uncontrollable 
self-braking mode. Outer-loop of control cascade is switched off and excitation 
is controlled only for reducing of the electromotive force. The operation of the 
outer loop is restored when self-braking ends. This allows bringing of self-braking 
bogie to a stable operation mode without trips in the overcurrent or overvoltage 
protection systems. 

Control methods of traction drive systems can be divided according to 
the available modes of operation. Main operation modes of tram drives are the 
driving mode (on acceleration, deceleration or constant speed), the freewheeling 
mode without output electrical torque, and braking mode (including regenerative 
and dynamic brake). Different control and switching apparatus is needed for 
reversing, braking and field weakening of traction motors. The main disadvantage 
of series magnetization is its complicated power circuit and large amount of 
contactors needed for the control of magnetization. A multi-motor drive that has 
only one controllable rheostat or chopper requires contactors for field weakening 
and reversing of all series-magnetized traction motor groups. A comparison of 
different power circuits used on ČKD Tatra tramcars is given in Table 1. All 
the given configurations have the same amount and type of traction motors, but 
different control properties. New modernized drives have the control of traction 
and braking implemented via control systems with faster response. The amount 
of switches, such as contactors and power transistors, counted according to the 
circuit diagrams of vehicles is given in Table 1 − The maximal speed of trams 
used in Almaty [4, 5] is lower because of the smaller amount of contactors used 
for field weakening. Acceleration and maximal speed are also different because 
of different gear ratio and vehicle weight.

Table 1 − Switching elements in different drives with four DC traction motors

Function of switches
Symbols on 
original Tatra 
KT4

ČKD Rheostat 
KT4SU, 
KT4D

T3 Ganz 
Transelektro 

KT6NF 
Kiepe 

KT4, 
KT6T 

Reversing contacts P, Z 8 8 8 2

Field weakening 
contacts F 6 4 2 0

Brake-mode contacts B, M 5 4 2 0

Current control 
contacts R 2 and accele 

ration rheostat 0 1 0

Supply line 
contactor contacts LS 1 2 2 2

Separately controlled 
semiconductor switches – 0 3 3 7

The use of separate magnetization in all modes of operation reduces the 
amount of contactors and allows the improvement of drive control properties. Slip 
problems occur because of stiff characteristics at low speeds [1]. 

Thus, current or torque limits should be used in the constant field range and 
in the field weakening range. In addition, more complicated software is needed 
than on series-magnetized drive systems. An original power circuit requires special 
controllers and control algorithms.

CONCLUSIONS
The following conclusions can be drawn from the experiments: 
1 Control is slow because of high inductance, but this is not a disadvantage 

as it reduces the effects of disturbances. 
2 All reversing contactors in the magnetization circuit should be switched off 

with delay to avoid electric arc on contacts. Anti-parallel freewheeling diodes on 
contactor windings can be used for delaying of contactors in the switching process. 

3 Field weakening of all motors can be controlled using a single converter 
in the multi-motor traction drive. 
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З е р т т е у  п р о б л е м а с ы н ы ң  ө з е к т і л і г і  т ә ж і р и б е л і к 
қажеттіліктерге және мүмкіндіктерге негізделген. Энергияны тиiмдi 
тасымалдау жүйелерiн дамыту стратегиялық бағдарламаларда 
басым бағыт болып табылады. Трамвайлар қаладағы ең тиімді көлік 
құралдарының бірі болып табылады. Қоғамдық көлікке қойылатын 
талаптарға энергияны үнемдеу, қоршаған ортаны үнемдеу, 
жайлылық, қауіпсіздік, тартылу және сенімділік жатады. Бұл әрбір 
қаладағы көлік айрықша жүйе болып табылады, ол техникалық 
параметрлермен сипатталады: трамвайдың нақты ені, кернеудің 
типі, үстіңгі байланыс желісінің типі және ағымдағы жинау 
құрылғысы, белгілі бір көлік құралы мен вагондардың түрлері және 
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дәстүрлі қалыптасқан трафик тұжырымдамасы. Әрбір қаланың 
трамвай операторлары мен қоймалары мағынасында трамвай 
құрылысы кәсіпорындар болып табылады, себебі трамвайлар 
тұрақты жөндеу, жөндеу және модернизация қажет.

Актуальность проблемы исследования основана на практических 
потребностях и возможностях. Развитие энергоэффективных 
транспортных систем является приоритетным направлением в 
стратегических программах. Трамваи являются одним из самых 
эффективных транспортных средств в городах. Требования к 
общественному транспорту включают энергоэффективность, 
экономию окружающей среды, комфорт, безопасность, 
привлекательность и надежность. Это специфическая область, где 
перевозка каждого города представляет собой уникальную систему, 
которая описывается техническими параметрами: удельной шириной 
трамвая, типом напряжения питания, типом контактной линии и 
устройствами сбора тока, определенными типами транспортных 
средств и вагонов и традиционно сформированным движением. 
концепция. Операторы трамваев и депо каждого города в некотором 
смысле являются предприятиями по строительству трамваев, 
потому что трамваи нуждаются в регулярном обслуживании, 
ремонте и модернизации.
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свойства высокоэнтропийных покрытий 
после Влияния сильноточного пучка

В работе исследовано влияние облучения электронами на 
структуру и свойства плазменных покрытий. Покрытия получены 
при вакуумном распылении катодов Fe-Al и 12Х18Н10Т. Исследованы 
микроструктура, микротвердость и коэффициенты трения до 
и после облучения электронами. После облучения изменяются все 
характеристики покрытий. Учет поверхностного натяжения на 
границе раздела фаз приводит к существенному изменению кинетики 
формирования покрытий. Чем больше поверхностное натяжение, 
тем меньше скорость диссипации свободной энергии. Это означает, 
что большая часть подводимой энергии идет на образование 
покрытия. При этом, как правило, формируются ячеистые 
наноструктуры, обладающие повышенной твердостью. Предложены 
методы определения и осуществлена оценка температур плавления 
и рекристаллизации плазменных покрытий. Установлено, что 
температура плавления покрытий, полученных в среде аргона выше, 
чем для покрытий, полученных в среде азота. Экспериментально 
показано, что покрытия 12Х18Н10Т+Al, 12Х18Н10Т+Fe-Al и 
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