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B nacmosaweii pabome npuseden amanuz nompedrHocmu u
MexXHU4ecKou YenecooopasHoCmu UCHONIb308AHUS DNleKMpoHazpesameneli 8
cucmemax meniocnabicerust. IIpeonosiceno ucnonb3068anue UHOYKYUOHHBIX
HazpesamenbHblX YCMAHOBOK NPU CO30AHUU UHOUBUOYATLbHBLX
cucmem omonnenus. Paccmompenwvl anexmpomaznumusie cucmemuol
npeobpazoeanus INEKMpPULECcKOll IHePUL 8 MENI08YIO, GbINOIHEHHbIE
6 6U0de KOAKCUANbHBIX YUTUHOPOB C UCHONb308AHUEM (DEPPOMACHUMHBIX
cepoeunuKos. AHanu3s nposeden Ha 0CHOBE MASHUMMHBIX CXeM 3AMeUeHUs.
Chopmynuposanvl nymu ONMUMU3AYUY pAcCMOMPEHHBIX YCMPOUCME,
UCNONb3YEMbIX NPU HA2Pese JHCUOKOCMEN 6 6000HAZPEBAMENSIX WUUPOKO2O
HAa3HAYeHUsl.
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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.
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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 configurations 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 CKD
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
404
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Several resistors are used for control and limiting of current — R, that is
continuously in circuit and required for magnetization and R, 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 additvion to rheostat R , the current is controlled using resistor
R, that is on the roof of CKD 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 R, and
resistors R, , R, 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.
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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.
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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 R 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.
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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 CKD 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.

Dnepeemuranvix cepusicol. Ne 3. 2019
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Table 1 — Switching elements in different drives with four DC traction motors

. _ Symbols on | CKD Rheostat | 13 . | groNF | KT4,
Function of switches | original Tatra | KT4SU, Transelektro | Kiepe |KT6T
KT4 KT4D P

Reversing contacts P,Z 8 8 8 2
Field weakening F 6 4 ) 0
contacts
Brake-mode contacts |B, M 5 4 2 0
Current control R 2 a.nd accele 0 | 0
contacts ration rheostat
Supply line LS | ) 5 )
contactor contacts
Separately controlled

. . - 0 3 3 7
semiconductor switches

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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1:436.789.10T TapmofapCKuiA TOCYJaPCTBEHHBINA YHHBEPCUTET

umenu C. Topaiirsiposa,

r. [TaBnonmap, 140008, Pecyonuka Ka3zaxcran;

2A0 «YK C33 Xumllapk Tapas»,

r. Uy, 081127, Peciy6nuka Kazaxcran;

3AO «KasTpaucl'a3»,

r. Hyp-Cynran, 010000, Pecniyonuka KazaxcraH.

Marepuan noctynui B penakuuto 12.08.19.

3epmmey npobremacviHbly 63eKkminici mowcipubenix
Kaoicemminikmepee JHcoHe MyMKIHOIKmepee He2i30e2eH. DHepeusinbl mMUiMol
maceimManoay Jcyieiepin 0amvlmy Cmpamesusiivlk bazoapramanapoa
bacvim bazvim donvin mabwvliadvl. Tpamsatiiap Kaiadazel ey muiMoi KeJik
KypanoapulHuly 0ipi 601vin mabwiiadsl. Koeamovik KONIKKe KOUbLIAMbIH
mananmapaa dHepeusHvl ynemoey, Kopuiazan opmauvl ynemoey,
JHCALLBLIBIK, KAYINCI30IK, MAPMObLILY JcoHe CeHIMOLNIK acamaovl. By opbip
Kanaoazvl KoK aupwikuia dcytie 60avin madwviiadvl, 01 MEXHUKALbIK
napamempiepmer CUnammanaobsl. mpameanobiy HaKmul eHi, KepHeyoiy
muni, ycminei OQUIAHbIC JHCENICIHIH MUNi JCOHe AsbiMOA2bl HCUHAY
Kypblazbicol, Oeneini 0ip KoLK Kypaivl MeH 8a20H0apObly mypaepi JcoHe
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docmypai KanblnmacKkan mpagpuxk myxicolppimoamacsl. Opoip Kaiauviy I'PHTH 29.19.22
mpameatl onepamopiapbl MeH KOUMAaiapbl MasblHACLIHOA MPAMEall
KYpblIbiCbl KOCINOPbIHOAp O0abln mabuliaosl, cebebi mpameauiap B. M. IOpoeg’, A. C. Banma6bekoe?,
MYPAKmMul HCOHOEY, HCOHOECY HCOHE MOOEPHUZAYUSL KANCEM. C. A. lyyenko®, B. Y. JlaypuHac*
'k.¢.-M.H., moueHT, Pu3uKo-TeXHUYECKHi (akynpTeT, KaparannuHckuit
Axmyanbrocme npobiembl uccr1e008aHUs OCHOBAHA HA NPAKMUIECKUX rocyaapctBeHHblil yauBepcutetT umenn E. A. Byketona, r. Kaparanma, 100028,
nompe6HoCmAX U 803ModcHOCcmAX. Paseumue snepeospexmuenvix Pecry6muxa Kasaxcran;
b
MPAHCROPMHBIX CUCTNEM SIGNAEMCS NPUOPUMEMHbIM HANPAGLeHUEM & %k..-M.H., nouenT, OU3HKO-TeXHUuecKuii bakyabrer, Kaparanammckii
cmpamezuteckux npozpammax. Tpameau A61AI0MCs 0OHUM U3 CAMbIX rocyaapctBeHHblil yauBepcutetr umenn E. A. Byketona, r. Kaparanma, 100028,
aghpexmusHbIx Mpancnopmuslx cpedcme 8 copooax. ITpebosanus k Pecry6amka Kasaxcrar;
b
00wecmeeHHOMy MPAnCROPMY EKIIOUAIOM IHEP20IPHEKMUGHOCTb, Smaructp, PU3nKo-TeXHUIECKH (hakynbTeT, KaparanIuHCKuii TOCy 1apCTBEHHbIM
IKOHOMUIO OKpydCalowel cpedvl, Kompopm, Gesonacnocms, yuuBepcurer umenn E. A. Bykerosa, r. Kaparanma, 100028, Pecnybnuka
NPUBTEKAMENbHOCHb U HAOEHCHOCMb. Dmo cneyuguueckas 061acmo, 2oe Kazaxcran:
b
nepego3Ka Kaxico020 20po0d Npedcmagisiem coo0u YHUKALbHYIO CUCTNEMY, ‘k.d.-M.1., Ipodbeccop, DH3MKO-TeXHHUECKHH pakynbreT, Kaparanauuckuit
KOMOPAs ONUCBIBACMCS. MEXHUYECKUMU NAPAMEMPAMU YOCIbHOU WUPUHOU rocyaapcTBeHHblil yHuBepcuteT umenn E. A. Byketona, r. Kaparanma, 100028,
MPaMEast, MUnom HaANPNCEHUs: NUMAHUs, MUNOM KOHMAKMHOU JUHUU U Pecry6muxa Kasaxcran
yempoticmeamu c60pa moka, OnpeoeieHHbIMU MUNAMU MPAHCIOPMHBIX e-mail: 'exciton@list.ru; 2abskargu@mail.ru; *guchen@mail.ru;
cpeocme u 6a20HO8 U MPAOUYUOHHO CHOPMUPOBAHHBIM OBUNCEHUEM. ‘vitas-laurinas@rambler.ru
KoHyenyus. Onepamopuvl mpameaes u 0eno Kaxicoo2o 20pood 8 HeKOMOPOM
CMbLCIIe A6A10MmCcsl npednpuﬂmu}mu no cmpoumejlbCcmey mpameaes, CBOM"CTBA BbICOKoaHTPOI-,MM"HbIX nOKPbITMM"

NOMOMY 4O MPAMEAU HYHCOAIOMCS 6 Pe2YIAPHOM 0OCIYICUBAHUU,
PpeMoHme U MOOePHU3AYULL.

TNOCIJIE BJINSAHUA CUTIbBHOTOYHOIO MNY4YKA

B pabome uccredosano enusinue obayuenus 31eKmpoHaAMU Hd
CMPYKmMypy U C8OUCMEA NAA3MEHHBIX NoKpuimull. Tlokpeimus noxyyenvl
npu 6axyymHom pacnulienuu kamooog Fe-Alu 12X18H10T. Hccnedosarul
MUKDPOCMPYKMYPA, MUKPOMEepoocmy U Kodgguyuenmol mpenus 00
u nocne obnyuenus snekmpounamu. Ilocie obnyuenus usmeHsomcs ece
Xapaxmepucmuxky noKpulmuil. Yuem nogepxHocmuo20 HAMaICeHUs: Hd
epanuye pazoena ¢asz npusooum K CyuwjecmeeHHOMY USMEHEHUIO KUHEeMUKY
Gopmuposanusi nokpvimuii. Yem 60oavuLe nOGEPXHOCMHOE HAMANCEHUE,
mem MeHblle CKOPOCHb OUCCUNAyULU C80O00HOT dHepauu. Mo o3navaem,
umo 60rbULAs HACmb NO0BOOUMOLL IHepeuu uoem Ha 06pazoeaHue
nokpvimus. Ilpu smom, Kax npasuio, Gopmupyomecs sveucmole
Hanocmpykmypul, 001adarouue nogvlueHHoU meepoocmuio. IIpednoicervl
Memoobl onpedenenus U 0Cyuecmsaiena OYyeHKa memnepamyp niaseieHusl
U pexpucmaniu3ayuy niasmMeHHulx nokpulmui. Ycmawnoseieno, 4mo
memnepamypa niaeieHus ROKpouimuil, NOJY4eHHbIX 6 Cpede apeoHa Gblue,
uem Ol NOKPLIMULL, NOLYYEHHBIX 8 cpede a3oma. IKCNepUMeHMAIbHO
nokazaro, umo nokpeimus 12X18HI10T+Al, 12X18HI10T+Fe-Al u
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NMYBJIMKALUNOHHAST 9TUKA
HAYYHbIW XXYPHAI 'y UMEHU C. TOPAUMbIPOBA
(«BECTHUK INI'Y», «<HAYKA U TEXHUKA KASAXCTAHA»,
«KPAEBEJEHUE»)

Penaknmonnas xomterus xypaaia «Bectauk [1I'Y. Cepus sHepreTmaeckasny
B CBOCH paboTe MpUAEPKUBACTCA MEXKIyHAapPOAHBIX CTAHAAPTOB IO ITHUKE
Hay4YHBIX MyOIMKAIMi W yYUTHIBaeT WH(GOPMAIIMOHHBIE CAalThl aBTOPUTETHBIX
MEXIYHApOIHBIX KypPHAJIOB.

PenaknuoHHast KOJUIETHs XKypHajia, a TaKXe JIMNa, yIacTBYIOIIUE B
M3aTENECKOM TIPOIECCE B LENSIX 00ECIeueHHs BHICOKOTO KadecTBa HayYHBIX
myOnuKanui, n3dexxanne HeToOPOCOBECTHOW MPAKTHKU B ITYOIMKAIIMOHHON
JEATENbHOCTH (MCIOIb30BaHNE HEJOCTOBEPHBIX CBEIICHHI, U3TOTOBJICHNE JAHHBIX,
IUTaruar v JIp.), o0ecredeHus O0IeCTBEHHOTO MPU3HAHUS HAYYHBIX JOCTHKEHUH
00513aHBI COOMIONATH STHYECKIE HOPMBI M CTaHAAPTHI, IPHHATHIE MEXKTyHAPOIHBIM
COOO0IIECTBOM U MPEANPUHIMATh BCE PasyMHbIE MEPbI Al TIPEIOTBPAIICHUS
TAKUX HapyLICHUM.

PenakmuonHast KOJuIeTHsl HU B KOEM CJIydae HE MOOMLIPSIET HEPABOMEPHOE
MoBeJIeHNE (TUTarkaT, MaHUITYJ SN, (aTbCHPHUKALNA) U MPHIOKHUTH BCE CHIIBI
JUTsL TIPEAOTBPAIICHUS HACTYIJICHUSI MOAOOHBIX ciiy4yaeB. B ciywae, ecnn
PEIaKIMOHHOM KOJIETHH CTAHET U3BECTHO O JIFOOBIX HENPaBOMEPHBIX ICHCTBUAX
B OTHOIICHMH OMyOJIMKOBAaHHOM CTATBY B )KypHAJIE WU B CITy4ae OTPHUIATEILHOTO
pe3ynbrara 3KCIEepPTU3bl PEAKOJIIETHI CTaThsl OTKJIOHSIETCS OT MyONHKaIHK.
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Tepyre 12.08.2019 x. xi6epingi. bacyra 23.09.2019 . Kos1 KOUBIIABL.
Minrimi 70x100 Y/ . KiTan-sxypHaj Karasbl.
IaprTser 6acna Tadars! 26,0. Tapansmver 300 nana. barack! kexiciM OOWBIHIIA.
Komnerotepae 6erreren: A. EnemMecKbI3bl
Koppexropmap: A. P. Omaposa, /. A. Koxac
Tanceipsic Ne 3495

Cnano B Habop 12.08.2019 r. [loamucano B nevyars 23.09.2019 1.
®opmar 70x100 /.. Bymara KHIDKHO-KypHAIbHAS.
Ve med. 1. 26,0. Tupax 300 5k3. Llena noroBopHas.
KommnerorepHast Bepetka: A. EneMecKbI3b
Koppekropsr: A. P. Omaposa, 1. A. Koxac
3aka3 Ne 3495

«Toraighyrov University» 6acnacbiHaH OachbUIBII LIBIFAPBUIFAH
C. TopaifFBIpOB aThIHAAFBI
[TaBnomap MEMIEKETTIK YHUBEPCUTETI
140008, ITaBnoxap K., Jlomos k., 64, 137 kab.

«Toraighyrov University» 6acmacst
C. TopaifFBIpOB aThIHAAFBI
[TaBomap MEMIEKETTIK YHHUBEPCUTETI
140008, ITaBnoxap K., Jlomos k., 64, 137 kab.
67-36-69
e-mail: kereku@psu.kz

www.vestnik.psu.kz
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