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STUDY OF QUASI-STATIONARY OPERATING MODES OF A TRACTION DRIVE BASED ON A
SYNCHRONOUS-REACTIVE MOTOR WITH PERMANENT MAGNETS

The paper analyzes quasi-stationary processes in traction electric drives of subway cars using mathematical models of synchronous jet motors with
permanent magnets. These models were adapted for modeling in MATLAB SIMULINK in accordance with general methodologies. This approach
simplifies the modeling process by using proven mathematical representations of semiconductor components available as standard library blocks in the
modeling environment. The development of a simulation model for determining the operating parameters of the traction drive of subway cars from a
synchronous jet motor with sectioned and non-sectioned permanent magnets is considered, which allows determining the level of higher harmonics of
the phase current of the motor, as well as the parameters that determine the operation of semiconductor keys in the inverter: current, average and
maximum values of the current flowing through the insulated-gate bipolar transistor, as well as the maximum value of the voltage on the insulated-gate
bipolar transistor in different operating modes. It is proposed to present the results in relative units for comparative analysis of the research results. The
nominal value of the phase current was used as the base current, and the base voltage was the linear voltage of the traction motor stator. It was established
that at a pulse-width modulation frequency of more than 1200 Hz, the amplitudes of higher harmonics, both in traction and braking modes, do not exceed
10 % of the effective value of the phase current for a motor with a sectioned rotor and 12 % for a motor with a non-sectioned rotor. The use of modern
insulated-gate bipolar transistor transistors, which allow the implementation of pulse-width modulation at frequencies up to 1500 Hz, makes the impact
of higher harmonics on the operation of the motor minimal, since their value can be compared with the accuracy of engineering calculations. However,
when using low-frequency insulated-gate bipolar transistor transistors with a pulse-width modulation frequency of up to 1000 Hz, it is necessary to take
into account the influence of higher harmonic currents. These patterns should be taken into account to optimize the operation of the traction drive of

subway cars.

Keywords: subway cars; traction drive; synchronous-reactive motor with permanent magnets; higher harmonics of the motor phase current; IGBT

transistor; influence of higher harmonics.

Introduction. Currently, global practice widely
adopts traction electric drives with asynchronous motors
for railway rolling stock, as well as for industrial and urban
transport systems. In Ukraine, high-power asynchronous
electric drives are implemented in both urban electric
transport and mainline railways [1].

Traction asynchronous electric drives offer numerous
advantages, including high energy efficiency, favorable
weight and size parameters, reliability, structural
simplicity, and extended service life. Nonetheless, the
ongoing demand for reduced energy consumption and
prolonged rolling stock lifespan presents new challenges
for the scientific and engineering community — namely the
need for further enhancement of asynchronous traction
drives and exploration of alternative electric drive
technologies [2]. One such alternative involves
synchronous motors with permanent magnet excitation [3].
However, the substantial weight and high cost of high-
coercivity magnets significantly increase the production
cost of these motors. One of the promising directions in
developing energy-efficient technologies for metro rolling
stock is the implementation of traction drives utilizing
synchronous traction motors. These motors offer high
efficiency, particularly under partial load conditions, and
ensure rapid acceleration and deceleration of trains [4].

To explore this further, we examine the fundamental
principles behind developing the core component of a
traction drive's mathematical model — the synchronous
motor. Since the high energy performance of synchronous
motors is largely attributed to their magnetic systems with
complex flux distribution, the mathematical model must
account for the geometric characteristics of both the rotor
and the stator [5]. This model is constructed based on a
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generalized mathematical representation. The basics of this
mathematical model are given in [6].

Quasi-stationary processes in traction electric drives
of metro cars are analyzed using mathematical models of
synchronous reluctance motors with permanent magnets, as
presented in [6]. These models have been adapted for
simulation in MATLAB SIMULINK, following the
general methodologies outlined in [7, 8, 9]. This approach
streamlines the modeling process by utilizing validated
mathematical ~ representations  of  semiconductor
components, which are available as standard library blocks
within the simulation environment.

Purpose of the article. The developed simulation
model was used to determine the operating parameters of
the traction drive of subway cars from a synchronous jet
motor with sectioned and non-sectioned permanent magnets
to determine the influence of pulse-width modulation
(PWM) frequencies on the characteristics of the inverter
semiconductor devices and the level of higher harmonic
currents of the motor.

Research results. The simulation model for modeling
quasi-stationary modes of operation of a traction drive
based on a synchronous jet motor with permanent magnets
is presented in Fig. 1 and 2. The general structure of the
simulation model is presented in Fig. 1.

It consists of the following main subsystems,
MOTOR, AIN, SV_PWM. The MOTOR subsystem
(Fig. 2) is designed to simulate a traction motor, the AIN
subsystem simulates an autonomous three-phase
autonomous voltage inverter based on insulated-gate
bipolar transistor (IGBT) key models, SV PWM is a
control system for an autonomous voltage inverter that
implements the law of space-vector pulse-width control
[10] of the engine.
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Figure 1 — Simulation model for modeling quasi-stationary modes of operation of a traction drive based on a synchronous jet motor
with permanent magnets
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Figure 2 — MOTOR subsystem

The subsystem “furie_analez_system” is intended for
spectral analysis of the stator phase current (determination
of the maximum values of the harmonic components of the
current [fmax15: Ifmax17' Ifmaxlll' 1fmax113) and
determination of the effective value.

The subsystem “MOTOR” (Fig. 2) provides a
simulation model of a synchronous-reactive motor with
permanent magnets. This model includes the subsystem
“motor_ur”, where the mathematical model of the motor is
implemented, as well as the blocks “Controlled Current
Source”, “Controlled Current Sourcel” and “Controlled
Current Source2”, which provide the ability to coordinate

the blocks of s-models and sps-models by including
controlled current sources. The voltmeter blocks “Voltage
Measurement”, “Voltage Measurement3” and “Voltage
Measurement5” are used to monitor the phase voltage. The
subsystem “motor ur” contains the blocks “Interpreted
MATLAB Function", “Interpreted MATLAB Functionl”
and “Interpreted MATLAB Function2”, which implement
the right-hand sides of the differential equations describing
the derivatives of the stator currents according to the
mathematical model [10]. The blocks “Interpreted
MATLAB Function3” are intended for calculating the level
of the electromagnetic torque of the motor.
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Since during the simulation modeling the rotation
frequency is constant, which is provided by the conditions
of the quasi-stationary approach to considering the engine
operating modes, the model [10] takes into account only the
equations describing the electrical coordinates. The
integration of these differential equations is implemented
in the blocks “Integrator6”, “Integrator2” and
“Integrator3”.

The subsystem “AIN” (Fig. 3) implements a model of
a three-phase bridge inverter assembled on IGBT
transistors using elements of the “SimPowerSystem”
library. “RMS” and “Mean Value” determine the actual and
average current of the IGBT transistor. The “To
Workspace3”, “To Workspace4” blocks are designed to
transfer the current value of the currents and voltages on the
IGBT transistor to the workspace. Using the analysis of the
results of these currents based on the results of the
simulation model during the time period of the main
harmonic of the current, the maximum current (Ly,qxvr)
and Up,,pr Vvoltage on the IGBT transistors are
determined. In the “SV_PWM” subsystem, the “Pulse
Generator” block sets the PWM frequency (fpyu)-

To conduct a comparative analysis of the research
results, it is rational to present the results in relative units.
So, for the base current we will take the nominal value of
the phase current I, the base voltage is the linear voltage
U,; of the traction motor stator.

Thus, we determine the amplitude values of the
traction motor currents for the / = 5th, 7th, 11th and 13th
harmonics by the expressions

Ifmaxlru = Ifmaxl/lfl' (1)
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For the effective value of the current flowing through
the IGBT transistor, in relative units, the expression is
proposed

lepmsru = ICRMS/Ifl- 2

The average value of the current flowing through the
IGBT transistor, in relative units

The maximum value of the current flowing through
the IGBT transistor, in relative units:

Imaxvroe = Imax VT/Ifl- 3)

Maximum voltage value on the IGBT transistor in
relative units

K
Umax vroe = Umaxvr/Un = Unaxvr ﬁ 4)

The results of the numerical simulation are shown in
Fig. 4-15. Their analysis showed the following.

The dependences of the maximum value of the higher
harmonic currents in the nominal operating mode are
shown in Fig. 4-7, which show that at a PWM frequency of
more than 1000 Hz it does not exceed 15 % of the effective
value of the phase current for a synchronous reactive motor
with sectioned permanent magnets in the braking mode ,
and when using a non-sectioned rotor, the higher harmonic
currents are larger and do not exceed 15 % of the effective
value of the phase current at a PWM frequency of more
than 1000 Hz.
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Figure 3 — AIN subsystem
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Figure 4 — Dependence of the amplitudes of phase harmonic
currents on the PWM frequency of a synchronous jet motor with
sectioned permanent magnets in traction mode:
blue line — Irmax15n; red line — Irmax17r; green line — Irmaxt11u;
purple line — Irmax113ru
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Figure 5 — Dependence of the amplitudes of phase harmonic
currents on the PWM frequency of a synchronous reactive motor
with sectioned permanent magnets in braking mode:
blue line — I_/'ma;clSru; red line — Ifmax17ru; green line — 1/ max111ru;
purple line — Irmax113ru
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Figure 6— Dependence of the amplitudes of phase harmonic
currents on the PWM frequency of a synchronous jet motor with
non-sectioned permanent magnets in traction mode:
blue line — I_fmwclSru; red line — ]/'max17ru; green line — Ijmaxlllru;
purple line — Irmax113ru
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Figure 7 — Dependence of the amplitudes of phase harmonic
currents on the PWM frequency of a synchronous jet motor with
non-sectioned permanent magnets in braking mode:
blue line — Irmax1sr; red line — Irmax17ra; green line — Irmaxt11ru;
purple line — Irmax113ru

When using modern IGBT transistors, which allow
PWM at frequencies up to 1200 Hz, the influence of higher
harmonics on the operation of a synchronous reactive
motor with permanent magnets is insignificant, as the
magnitudes of the higher harmonic currents can be
compared with the accuracy of engineering calculations.
However, when using low-frequency IGBT transistors with
a PWM frequency of up to 1000 Hz, it is necessary to take
into account the higher harmonic currents.

Further studies of the influence of the operating modes
of the traction drive were carried out for an engine with
sectioned permanent magnets, as a more promising design.
Fig. 811 at a frequency of 1400 Hz presents the
dependences of the relative values of the amplitudes of the
higher harmonic currents 5, 7, 11 and 13 harmonics of phase
currents. The dependences have a sharply variable nature.

When analyzing the graphs, two components of the
harmonic amplitude changes depending on the rotation
frequency are traced: the first harmonic amplitudes increase
with increasing rotation frequency, the second is periodic,
which lies in the range from 0.3...0.5 r.u.

The amplitude of harmonics also increases. This is
due to the decrease in the number of PWM pulses per
period of the Ist harmonic of the current and the
discreteness of their change. The amplitudes of harmonics
are in the range from 0.01 to 0.05 r.u.

The maximum influence of the 11th harmonic is at a
rotation frequency of 1.25 rpm and a modulation factor
of 1.

The effective value of the current flowing through the
IGBT transistor (Fig. 12 and 13) lies in the range from 0.7
to 0.9 of the phase current of the traction motor.

Larger values correspond to higher rotational speeds
and lower modulation coefficient values.

The average value of currents in the traction mode lies
in the range from 0.1 to 0.55 of the phase current, and in
the braking mode from —0.1 to —0.42. The dependence is
close to “smooth”. The maximum value in the traction
mode is reached at the nominal speed and the modulation
factor is equal to 1, the minimum in the braking mode at the
same values.
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Figure 8 — Dependence of the relative value of the 5th harmonic phase current of a synchronous jet motor sectioned permanent
magnets (Irmax15m): @) in traction mode; b) in braking mode
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Figure 9 — Dependence of the relative value of the 7th harmonic phase current of a synchronous jet motor sectioned permanent
magnets (/rmax174): @) in traction mode; b) in braking mode

Figure 10 — Dependence of the relative value of the 11th harmonic of the phase current of a synchronous jet motor sectioned
permanent magnet (Irmax1111): @) in traction mode; b) in braking mode
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Figure 11 — Dependence of the relative value of the 13th harmonic phase current of a synchronous jet motor sectioned permanent
magnets (Iymax113:): @) in traction mode; b) in braking mode
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Figure 12 — Dependence of the relative value of the current flowing through the IGBT transistor (I cgpsoe):
a) in traction mod; b) in braking mode
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Figure 13 — Dependence of the relative average value of the current flowing through the IGBT transistor (I;4y,e):
a) in traction mode; b) in braking mode
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Figure 14 — Dependence of the relative maximum value of the current flowing through the IGBT transistor (I,,,45 y7oe):
a) in traction mode; b) in braking mode
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Figure 15 — Dependence of the relative maximum value of the voltage applied to the IGBT transistor. (U,,,qx y7oe):
a) in traction mode; b) in braking mode

The maximum value of the currents flowing through
the IGBT transistor is in the range from 1.6 to 2.7 of the
phase current of the synchronous jet motor permanent
magnets, for traction mode and from 1.2 to 1.56 in braking
mode. The maximum voltage applied to the transistor
(Fig. 14 and 15) does not exceed twice the line voltage on
the motor.

Conclusions. For the first time, a simulation model
has been developed to determine the operating parameters
of the traction drive of subway cars from a synchronous jet
motor with sectioned and non-sectioned permanent
magnets. The model allows you to determine the level of
higher harmonics of the motor phase current, as well as the
parameters that determine the operation of semiconductor
switches in the inverter: current, average and maximum
current values flowing through the IGBT transistor, as well
as the maximum voltage value on the IGBT in different
operating modes.

It was determined that at a PWM frequency of more
than 1200 Hz, the amplitudes of higher harmonics, both in
traction and braking modes, do not exceed 10 % of the
effective value of the phase current for a motor with a

sectioned rotor and 12 % for a motor with a non- sectioned
rotor. The use of modern IGBT transistors, which allow
implementing PWM at frequencies up to 1500 Hz, makes
the impact of higher harmonics on the operation of the
motor minimal, since their values can be compared with the
accuracy of engineering calculations. However, when using
low-frequency IGBT transistors with a PWM frequency of
up to 1000 Hz, it is necessary to take into account the
impact of higher harmonic currents. These patterns should
be taken into account to optimize the operation of the
traction drive of metro cars.
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JOCIIIKEHHSA KBA3SICTAIIOHAPHUX PEXHUMIB POBOTH TAI'OBOI'O IIPUBOJAY HA
OCHOBI CUHXPOHHO-PEAKTUBHOI'O JIBUT'YHA 3 HOCTIMHUMM MATHITAMMA

YV po6oTi aHaNIi3yOTECSA KBAa3UCTAIliOHAPHI MPOLIECH B TATOBUX €IEKTPONPUBOIAX BarOHIB METPOTIONITEHY 3 BUKOPHCTAHHIM MaTEMAaTUYHUX Mozenei
CHHXPOHHHX PEaKTHBHUX ABUTYHIB 3 mocTiitHumMu MarHitamu. Li Mogeni 6ynn anantosani juist moaenmoBanas B MATLAB SIMULINK BixnoBinHo 1o
3aragbHUX Metojonorid. Takuii miaXix chpomrye mporec MOJCTIOBAaHHA 33 PaxXyHOK BHKODHCTaHHS IIEPEBIPEHMX MAaTEMAaTHYHHX YSBICHb
HAaIIBIIPOBITHUKOBUX KOMIIOHEHTIB, IOCTYITHUX Y BUIJISIAI CTAaHAAPTHHUX 010Ii0TeUHNX OJIOKIB Y CepeIOBHINI MOJETIOBaHHA. Po3risaaeTses po3podka
imMiTanifiHoOi Mojeni ansA BU3HAYCHHS POOOUYMX IApaMeTPiB TATOBOTO NPUBOJY BaroHiB METPOINONITEHY BiJ] CHHXPOHHO-PEAKTHBHOTO ABHTYHA 3
CEKIIIOHOBAHMMH Ta HECEKIIIOHOBAHMMH MOCTIHHIMHI MaTHITaMH, SKa JJ03BOJIAE€ BU3HAYUTH PiBEHb BUIMX rapMOHIK (a3HOTO CTPYMy JBUTYHA, a TAKOXK
TIapaMeTpH, 10 BU3HAYAIOTH POOOTY HAMIBIIPOBITHUKOBHX KIIOUiB B IHBEPTOPI: CTPYM, CEPEIHE Ta MAKCHMAaJIbHE 3HAUEHHS CTPYMY, III0 TIPOTIKae depes3
IGBT-Tpan3ucTop, a TaKoX MakcHMalbHe 3HaucHHs Hanpyru Ha IGBT y pi3sHux pexxumax poGoTH. 3aIpornoHOBaHO JUIS MPOBEACHHS MOPiBHSAIBHOTO
aHaJi3y pe3ybTaTiB JOCHiUKEHHS NPEACTABUTH PE3yIbTaTH y BiTHOCHUX OAMHHIIAX. Y AKOCTi 6a30BOr0 CTpyMy BHKOPHCTAHO HOMiHAIbHE 3HAYCHHS
(azHoro cTpymy , a 6a30Ba Hanpyra — JiHiifHa HANPYTy CTAaTOpa TATOBOTO JBUTYHA. BcTaHOBIIEHO, IO PH YAaCTOTi MMPOTHO-IMITYIBCHOT MOJYJISAIIIT
nonaz 1200 'y aMITiTy 1M BUIIIMX TaPMOHIK, SIK y TATOBOMY, TaK i B raJlbMiBHOMY PEXHMaXx, He epeBHIyroTh 10 % BiJ e(peKTHBHOrO 3HaYEHHS (ha3HOTO
CTpyMy IJIsI JBUTYHA 3 CEKIIOHOBAHHM POTOpOM Ta 12 % i ABUIYHA 3 HECEKI[IOHOBaHUM poTopoM. Bukopucranus cydacHux IGBT-Tpan3ucropis,
AKi JIO3BOJIAIOTH peasizyBaTH IMMPOTHO-IMITyJIbCHOT MOMysmii Ha wactorax o 1500 I'm, poOuTs BIIIMB BHMIIMX TapMOHIK Ha pobOTy HBHTyHa
MiHIMaJIbHIM, OCKUIBKHM iX 3HAYEHHS MOXKHA MOPIBHATH 3 TOYHICTIO iHKGHEPHUX po3paxyHKiB. OJHaK, P BUKOPUCTaHHI HU3bKodacToTHHX IGBT
TPaH3UCTOPIB 3 YACTOTOIO IUPOTHO-IMITYJIbCHOT Moy swii 10 1000 'y HeoOXiIHO BpaXxOBYBATH BILIMB CTPYMiB BUIIMX rapMoHiK. L{i 3aKoHOMipHOCTI
CIIiJl BpaXxOBYBAaTH IS ONTHMi3allil poOOTH TATOBOTO NPUBOJLY BarOHIB METPOIIOJITEHY.

Kuro4oBi c1oBa: BaroHn METPOIONITEHY; TATOBUIT IPHBIJI; CHHXPOHHO-PEAKTHBHHUMN JIBUTYH 3 TOCTIHHUMH MarHiTaMH; BUILi FapMOHIKH (a3HOro
cTpymy nBuryHa; IGBT-TpaH3ucTop; BIUIMB BUIIMX TapMOHIK.
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