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Six-phase induction machines have attracted attention due to their high efficiency and
enhanced fault tolerance. Compared to conventional three-phase machines, six-phase drives
can operate under the open-circuit of one, two, or even three stator phases, while still
generating electromagnetic torque and sustaining mechanical load, although torque ripple,
harmonic distortion, and some efficiency loss increase. This behaviour is attributed to the
interaction between spatial harmonics, which are largely determined by the machine design
and winding configuration, and time harmonics, which are related to the supply scheme of the
pulse-width modulation inverter.

This article presents a current and torque harmonic analysis of six-phase induction
machines with pulse-width modulation inverter supply, based on the interaction of spatial and
time harmonics. The study considers both normal operation and fault scenarios, highlighting
the effects of harmonic components on torque pulsations, speed fluctuations, and total
harmonic distortion.

The interaction of spatial harmonics of the machine’s with time harmonics from the
voltage source inverter with pulse-width modulation causes pulsations in the electromagnetic
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torque. Under normal operation, spatial harmonics dominate the torque and current
waveforms. In single-phase open-circuit faults, the second harmonic becomes dominant due to
the negative-sequence component of the air-gap magnetic field, while the 6" and 12 torque
harmonics are reduced. In three-phase open-circuit faults, the machine operates under
reduced load, and the harmonic spectrum shows lower total harmonic distortion compared to
normal operation, with spatial harmonics remaining dominant. These findings highlight the
importance of harmonic analysis for optimizing control strategies and improving the overall
performance and reliability of six-phase drives. The voltage source inverter with pulse-width
modulation has negligible influence under these fault conditions, as higher-order harmonics in
the current and torque are insignificant.

Keywords: six-phase induction machine, spatial harmonics, pwm voltage source inverter,
mathematical modelling, fault conditions.

Introduction
In recent years, extensive research has been devoted to improving the energy efficiency and
operational reliability of multiphase electrical machines. Among them, six-phase induction machines
(6PIM) have attracted significant attention due to their ability to combine high efficiency with enhanced
fault tolerance [1, 2].

Analysis of recent research and publications. Problem description

Compared with conventional three-phase machines, six-phase drives exhibit superior performance
under abnormal and fault conditions. One of their major advantages lies in their capability to operate under
phase disconnection faults, such as the open-circuit of one, two, or even three stator phases, as well as the
availability of a dual-channel power supply system with the ability to seamlessly transition from dual-
channel to single-channel operation [3, 4].

Under such fault scenarios, the machine is still able to generate electromagnetic torque and sustain
the operation of the mechanical load, although with certain performance degradation in terms of torque
ripple, efficiency, and harmonic distortion. This inherent fault-tolerant capability makes 6PIM a promising
solution for safety-critical applications, such as electric vehicles, aerospace systems, and offshore wind
energy conversion [5, 6].

The increased energy efficiency of 6PIM can be attributed to the reduced presence of higher-order
harmonics in the machine’s electromagnetic fields. In general, two main categories of harmonics affect
machine performance: spatial harmonics and time harmonics [7-9]. Spatial harmonics are primarily
introduced by the distribution of stator winding turns within the slots and the resulting non-ideal magnetic
field distribution. These harmonics influence the magnetomotive force (MMF) waveform and can increase
core losses as well as torque pulsations. On the other hand, time harmonics originate from the supply system,
particularly when the stator windings are energized by semiconductor-based power converters, such as six-
step voltage source inverters or pulse width modulation (PWM) voltage source inverters [10, 11].

Modern 6PIM drives are typically implemented using voltage source inverters with PWM. These
inverters provide flexible control of phase voltages, enable precise regulation of speed and torque, and
allow for the implementation of advanced modulation strategies that reduce harmonic distortion and
improve overall drive efficiency [11, 12].

Two types of 6PIM are commonly distinguished: asymmetrical machines, in which the two three-
phase windings are spatially shifted by 30°, and symmetrical machines, in which the windings are shifted
by 60°. The symmetrical 6PIM offers enhanced opportunities from the control perspective, allowing for
more uniform distribution of currents, reduced harmonic content, and simplified implementation of
advanced control strategies [13—15]. In this study, the focus is on the symmetrical 6PIM, as it provides a
convenient basis for harmonic analysis.
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While spatial harmonics are largely determined by the machine design and winding configuration,
time harmonics are closely related to the inverter topology and the applied modulation strategy. The
interaction of these harmonic components directly impacts both current distortion and electromagnetic
torque ripple and energy efficiency. Therefore, a comprehensive analysis of spatial and temporal harmonic
contributions is essential for accurately predicting machine performance, especially under fault conditions,
as well as for improving energy efficiency and enhancing the overall reliability of 6PIM drives.

Definition of goals and tasks of the article
The aim of the research presented in this article is to perform a comprehensive harmonic analysis of
the impact of both time and spatial harmonics on the electromagnetic behaviour and compatibility of the
symmetrical 6PIM fed by the PWM voltage source inverter, particularly under stator fault conditions. The
study utilises mathematical modeling techniques to evaluate how harmonic interactions influence key
performance indicators such as stator current distortion, torque ripple, and overall machine efficiency.
The scientific contributions of the article are as follows:
development of the mathematical model of the symmetrical 6PIM, in which the stator windings
are supplied by the PWM voltage source inverter, incorporating the effects of spatial harmonics of the
MMF. The model enables accurate prediction of electromagnetic behaviour under both normal and fault
conditions;
comprehensive harmonic analysis of the stator currents and electromagnetic torque of the 6PIM
under various fault scenarios, including single-phase open-circuit and three-phase faults. This analysis
highlights the impact of harmonic components on torque ripple, current distortion, and drive performance;
evaluation of fault-tolerant capabilities of the symmetrical 6PIM under PWM inverter supply,
demonstrating how the machine maintains operation despite phase disconnections, and quantifying the
performance degradation due to harmonic interactions.

Main matter description
The frequency-controlled electric drive under investigation comprises the symmetrical 6PIM
coupled with the six-phase voltage source inverter with PWM. The 6PIM features two three-phase stator
windings, spatially offset by 60 electrical degrees, which are energized by the inverter, as shown in Fig. 1.
The phase voltages applied to these two three-phase windings are time-shifted by 60 electrical degrees.
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Fig. 1. Symmetrical six-phase motor fed by PWM voltage source inverter
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To analyze the current and electromagnetic torque of the 6PIM in the frequency-controlled electric
drive under the single and three-phase failure conditions, the mathematical model of the system was
developed using the method of average voltages in the integration step [16].

Methodological aspects

Mathematical modeling of 6PIM

The electrical part of the 6PIM model is represented in phase coordinates based on the method of
average voltages in integration step [15], taking into account the change in flux linkage during the

. . r i ' .
numerical integration step DY ., =L,k — Lamolo » DY the vector equation:
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where U = Dit o U,y (t)dt is the vector of average voltages in the step of numerical integration, Ugm is
t
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the vector of instantaneous voltage values of the stator windings ABC and XYZ, and the rotor windings
v o o .
abc, iy, ilT are vectors of currents at the beginning and end of the numerical integration step,

R =diagRp.Rp.Rc Ry Ry Rz Ra.Rp.Re) is the matrix of active resistances. L,mo=Lam(9go):
Lam1 = Lam (g Rl) are matrix inductance at the beginning and end of the numerical integration step, gro, gr1

are the rotor angular positions at the beginning and end of the numerical integration step.
To determine the currents of the 6PIM according to the second-order average voltage method,
information about the current derivatives is required, which are determined by the following expression:

G:Rﬂm_ @)
dt

Considering that the flux linkage in expression (2) is a function of currents and the rotor angular
position, the flux linkage derivatives are determined as follows:
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where p is the number of pole pairs, Q is the rotation frequency.

According to expressions (2) and (3), the current derivatives are determined by the following
formula:

: 3)
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The expressions for the rotor angular position of the 6PIM is as follows:
dgq
dt P
The angular velocity of the 6PIM is given by:
daw _ T, -T,
(6)
dt J

where Ty is static load torque, Te is electromagnetic torque of the 6P1M, J is the moment of inertia.
The electromagnetic torque of the 6PIM is determined by the following expression:

Te :%[yA(iB —ic)+Yglic —ia) +Yclia -ig) +Yx(iy i) +Yy(iz —ix) +Y(ix - iY)]’ (7)

where i4,ig,ic,ix,ly,i7 are stator winding currents, Ya,Ys.Yc, Yx: Yy, Yz are flux linkages of the 6P1M.

The consideration of spatial harmonics in the 6PIM model is achieved by introducing time
harmonics into the magnetizing inductance, as described in [8].
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Validation of 6PIM model

The adequacy of the 6PIM model was verified by comparing the results of mathematical modeling
and experiment. The comparison confirmed the adequacy of the six-phase machine model and is presented
in [8]. The study was conducted for sinusoidal supply of the stator windings, with current distortion caused
by the influence of spatial harmonics.

A comparison of the results obtained from the 6PIM mathematical model and the laboratory sample
was performed for load application, as well as single-phase and three-phase faults.

Mathematical modeling of PWM inverter

The modulation strategy of PWM inverter is given in Fig. 2. The switching frequency corresponds
to the frequency of the carrier signal, and its amplitude is determined by the DC-link voltage. As illustrated
in Fig. 2, when the phase reference voltage Urefk exceeds the positive carrier U1, the phase is connected to
the positive DC-link (UkO = Udc/2). In other case, the phase is connected to the neutral point of the DC-
link (UKO = 0). Where K is phase indicator (k = A, B, C, X, Y, Z). UKO is the voltage between phase and
the fictive mid-point of the DC-link.

Pole voltages are related to phase voltages by:
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Fig. 2. The modulation strategy of PWM inverter

Investigation methodology

For a comparative analysis of the stator currents and the electromagnetic torque of 6PIM under
different operating conditions, the following investigations were conducted:
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50 % load step — the experiment was performed at half the nominal load to evaluate the harmonic
content of the stator currents and torque pulsations under normal operation conditions.

single-phase open-circuit fault at 50 % load — simulation of a fault condition with phase A open
to study the changes in currents of the remaining phases and its effect on the electromagnetic torque.

single-channel power supply at 50 % load — simulation of a critical fault with phases A, B, and C
open to assess the drive behaviour under severe supply disruption.

In each operating mode, the harmonic spectrum of the stator currents and the electromagnetic torque

was analyzed, and the total harmonic distortion (THD) was calculated to evaluate the impact of fault
conditions on the machine’s performance.

Results
The 6PIM considered in this study has a rated power of 1.5 kW, rated voltage of 400 V, rated current
of 1.43 A, rated speed of 2812 rpm, and rated torque of 5.04 Nm. Its electrical parameters include a stator
leakage inductance L1 = 0.06 H, rotor leakage inductance referred to the stator, L's> = 0.01 H, magnetizing
inductance L= 1.3 H, stator resistance R; = 8.0 Q, and rotor resistance referred to the stator, R’> = 4.0 Q.
The machine’s moment of inertia is J = 0.015 kg-m?2. The 6PIM is supplied by a voltage source inverter
employing pulse-width modulation at a switching frequency of 1 kHz.

50 % Load Step of 6PIM

To perform harmonic analysis of the stator currents and the electromagnetic torque of 6PIM under
normal and fault conditions, the operation of the electric drive under load is considered. In this case, in
addition to the fundamental (first) harmonic, the current waveforms contain harmonics of the 5, 7t 11t
13" and 19" orders. The presence of the 51, 7% 11 and 13™ harmonics in the stator current is caused by
the non-sinusoidal distribution of the magnetic field in the machine’s air gap. The 19" harmonic of the
current is insignificant (0.35 %) and is associated with the supply from the PWM voltage inverter (Fig. 3).
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Fig. 3. Stator currents of A,B,C phases (a) and X,Y,Z phases (b) of the symmetrical 6PIM for the 50 % load

The THD of the stator current at 50 % load is 6.22 % (Fig. 4).

The presence of the aforementioned harmonics in the machine’s stator currents causes pulsations in the
electromagnetic torque and angular speed of the machine (Fig. 4). Specifically, the interaction of the
fundamental harmonic with the 5™ and 7" harmonics in the currents leads to the appearance of the 6
harmonic in the electromagnetic torque. The interaction of the fundamental with the 11" and 13" harmonics
results in the 12" harmonic of the torque. Additionally, the interaction of the fundamental with the 19
harmonic in the currents causes the emergence of the 18" harmonic in the electromagnetic torque (Fig. 5).
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Fig. 4. Harmonic spectrum of the current of the symmetrical 6PIM for the 50 % load
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Fig. 5. Electromechanical torque () and rotational speed (b) of the symmetrical 6PIM for the 50 % load
THD of the machine’s electromagnetic torque at 50 % load is 8.216 % (Fig. 6).
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Fig. 6. Harmonic spectrum of the torque of the symmetrical 6PIM for the 50 % load
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Phase A Open-Circuit Fault of 6PIM

In the event of the phase A open-circuit fault, the stator currents in the remaining phases increase
(Fig. 7) to maintain the required electromagnetic torque. The presence of the 5" 7t 11" and 13"
harmonics in the stator currents is due to the non-sinusoidal distribution of the magnetic field in the
machine’s air gap. The 11" harmonic of the current is negligible (0.18 %) and is associated with the supply
from PWM voltage inverter (Fig. 8).
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Fig. 7. Stator currents of A,B,C phases (a) and X,Y,Z phases (b) of the symmetrical 6PIM for the 50 % load
and open-phase fault
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Fig. 8. Harmonic spectrum of the current of the symmetrical 6PIM
for the 50 % load and open-phase fault

The presence of the aforementioned harmonics in the machine’s stator currents causes pulsations of
the electromagnetic torque and the machine’s angular speed (Fig. 9). It should be noted that, in addition to
the harmonics observed in normal operation (specifically the 6™, 12" and 18"), the 2" harmonic also
appears, caused by the negative-sequence component of the magnetic field. This harmonic is dominant and
determines the THD of the electromagnetic torque at the level of 14.39 % (Fig. 10).

Single-channel power supply at 50 % load in 6PIM

In the event of an open-circuit fault of phases A, B, and C, the stator currents in the remaining
phases increase (Fig. 11) to maintain the required electromagnetic torque. The presence of the 5", 7t 11t
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and 13" harmonics in the stator currents is due to the non-sinusoidal distribution of the magnetic field in
the machine’s air gap. The 19" harmonic of the current is negligible (0.18 %) and is associated with the
supply from PWM voltage inverter (Fig. 12).
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Fig. 9. Electromechanical torque (a) and rotational speed (b) of the symmetrical 6PI1M for the 50 % load
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Fig. 10. Harmonic spectrum of the torque of the symmetrical 6PIM for the 50 % load and open-phase fault
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Fig. 11. Stator currents of A,B,C phases (a) and X,Y,Z phases (b) of the symmetrical 6PIM
for the 50 % load and three open-phase fault
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Fig. 12. Harmonic spectrum of the current of the symmetrical 6PIM for the 50 % load and three-phase fault

The presence of the aforementioned harmonics in the stator currents causes pulsations of the
electromagnetic torque and the machine’s angular speed (Fig. 13). It should be noted that the amplitude of
the torgque pulsations in this mode is reduced compared to normal operation. Consequently, the THD of the
electromagnetic torque decreases to 14.39 % (Fig. 14).

305.5

26 305.4
305.3

305.2 -

w
o
o

304.9 -

304.8 1

Electromagnetic torque [Nm]
N
Rotation speed [r/s]
w
o
(3]

304.7

14+ 304.6 -

499 5 501 502 503 504 505 506 507 508 304.5
Time [s]

4.99 5 501 502 503 504 505 506 507 5.08
Time [s]

a 0

Fig. 13. Electromechanical torque (z) and rotational speed (b) of the symmetrical 6PIM
for the 50 % load and three-phase fault
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Conclusion

The interaction between the spatial harmonics of the MMF and the time harmonics generated by
PWM voltage inverters causes pulsations of the electromagnetic torque. Harmonic analysis of current and
torque indicates that, under normal operating conditions when powered by the PWM inverter, the dominant
components are the spatial harmonics.

In fault conditions, particularly when the single-phase open-circuit fault occurs, the second harmonic
of the electromagnetic torque becomes dominant due to the negative-sequence component of the air-gap
magnetic field. In this scenario, the 6 and 12" torque harmonics, which originate from spatial harmonics,
are reduced compared to normal operation due to the absence of current in one phase.

In the case of the single-channel power supply of the 6PIM, the harmonic spectrum of both current
and torque shows lower THD than in normal operation. However, in this operating mode, the machine can
only operate under reduced load, and the dominant influence remains with the spatial harmonics.

In these operating conditions, the PWM inverter has a negligible influence on the current waveform,
as the amplitude of the 19" current harmonic is negligible, and the corresponding 18" torque harmonic is
insignificant.

Direction of further research
Future research will focus on a detailed investigation of the effects of various control strategies on
reducing the harmonic content of currents and the electromagnetic torque in 6PIM. Special attention will
be given to evaluating the effectiveness of these strategies not only under normal operating conditions but
also during single-phase and multi-phase fault scenarios. The outcomes of these studies are expected to
facilitate the development of optimal control methods that minimize torque and speed pulsations while
improving the overall performance and reliability of the electric drive.

References

1. E. Levi, “Advances in Converter Control and Innovative Exploitation of Additional Degrees of Freedom for
Multiphase Machines”, in IEEE Transactions on Industrial Electronics, Vol. 63, No. 1, pp. 433-448, Jan. 2016.
DOI: 10.1109/TIE.2015.2434999.

2. E. Levi, F. Barrero and M. J. Duran, “Multiphase machines and drives — Revisited”, in IEEE Transactions on
Industrial Electronics, Vol. 63, No. 1, pp. 429-432, Jan. 2016. DOI: 10.1109/T1E.2015.2493510.

3. Munim W. N. W. A,, Duran M. J., Che H. S., Bermudez M., Gonzalez-Prieto I., Rahim N. A., A Unified
Analysis of the Fault Tolerance Capability in Six-Phase Induction Motor Drives, IEEE Transactions on Power
Electronics, Vol. 32, No. 10, pp. 7824-7836, Oct. 2017. DOI: 10.1109/TPEL.2016.2632118.

4. A Yazidi, A. Pantea, F. Betin, S. Carriere, H. Henao and G.-A. Capolino, “Six-phase induction machine model
for simulation and control purposes”, IECON 2014 — 40th Annual Conference of the IEEE Industrial Electronics
Society, Dallas, TX, USA, 2014, pp. 881-887. DOI: 10.1109/IECON.2014.7048605.

5. A. Salem and M. Narimani, “A Review on Multiphase Drives for Automotive Traction Applications”, in IEEE
Transactions on Transportation Electrification, Vol. 5, No. 4, pp. 1329-1348, Dec. 2019. DOI: 10.1109/
TTE.2019.295635.

6. Levi, “Multiphase Electric Machines for Variable-Speed Applications”, in IEEE Transactions on Industrial
Electronics, Vol. 55, No. 5, pp. 1893-1909, May 2008. DOI: 10.1109/T1E.2008.918488.

7.  Kindl V., Cermak R., Ferkova Z., Skala B. Review of Time and Space Harmonics in Multi-Phase Induction
Machine. Energies, Vol. 13, 496 (2020). DOI: 10.3390/en13020496.

8. Kutsyk A., Korkosz M., Semeniuk M., Nowak M. An Influence of Spatial Harmonics on an Electromagnetic
Torque of a Symmetrical Six-Phase Induction Machine. Energies, Vol.16, No. 9, 3813 (2023).
DOI: 10.3390/en16093813.

9. A Sapena-Bano, J. Martinez-Roman, R. Puche-Panadero, M. Pineda-Sanchez, J. Perez-Cruz, M. Riera-Guasp,
Induction machine model with space harmonics for the diagnosis of rotor eccentricity, based on the convolution
theorem, International Journal of Electrical Power & Energy Systems, Vol. 117, 2020, 105625,
https://doi.org/10.1016/j.ijepes.2019.105625

25


https://doi.org/10.1016/j.ijepes.2019.105625

10.

11.

12.

13.

14.

15.

16.

M. B. Semeniuk, A. S. Kutsyk, V. O. Misurenko, T. Y. Dzoba

Semeniuk, M., Kutsyk, A. Misurenko V. An Influence of the Time and Spatial Harmonics on an
Electromagnetic Torque of a Symmetrical Six-Phase Induction Machine With a Six-Step Inverter Supply Under
Open Phase Circuit Fault, SEPES 2024; Vol. 6, No. 1, pp. 95-10. https://doi.org/10.23939/sepes2024.01.095
Dujic, D., Igbal, A., & Levi, E. A Space Vector PWM Technique for Symmetrical Six-Phase Voltage Source
Inverters. EPE Journal, VVol. 17, No. 1, pp. 24-32. https://doi.org/10.1080/09398368.2007.11463639.

Zhao, L.; Huang, S.; Zheng, J.; Gao, Y. A Harmonic Suppression SVPWM Strategy for the Asymmetric Six-
Phase Motor Fed by Two-Level Six-Phase VSI Operating in the Overmodulation Region. Energies, 2022, 15,
7589. https://doi.org/10.3390/en15207589.

Vukosavic, S. N.; Jones, M.; Levi, E.; Varga, J. Rotor fux oriented control of a symmetrical six-phase induction
machine, Electric Power Systems Research, 2005, 75 (2-3), pp. 142-152.

Gonzalez-Prieto, A.; Gonzalez-Prieto, I.; Yepes, A. G.; Duran M. J.; Doval-Gandoy, J. Symmetrical Six-Phase
Induction Machines: A Solution for Multiphase Direct Control Strategies, In Proceedings of 22nd IEEE
International Conference on Industrial Technology, 2021, pp. 1362-1367. DOI: 10.1109/ICIT46573.2021.
9453649.

S. Sharma, M. Aware and A. Bhowate, “Direct torque control of symmetrical six-phase induction machine using
nine switch inverter”, 2017 IEEE Transportation Electrification Conference (ITEC-India), Pune, India, 2017,
pp. 1-6. DOI: 10.1109/ITEC-India.2017.8356952.

Plakhtyna O., Kutsyk A., Semeniuk M. Real-Time Models of Electromechanical Power Systems, Based on the
Method of Average Voltages in Integration Step and Their Computer Application. Energies, Vol. 13, No. 9,
2263 (2020). DOI: 10.3390/en13092263.

M. b. Cemenok

Hamionansauit yHiBepcuteT “JIpBiBChKa MOMITEXHIKA”,

Kadenpa eneKTpoOMeXaTPOHIKU Ta KOMIT FOTEPU30BAHUX EIEKTPOMEXaHIYHUX CUCTEM,
e-mail: mykola.b.semeniuk@Ipnu.ua,

A. C. Kynuk

Harmionansuuit yaiepcuteT “JIbBiBChbKa MOJiTEXHIKA”,

Kadeapa eneKTPOMEXaTPOHIKH Ta KOMII FOTEPU30BAHUX CICKTPOMEXaHIYHIX CHCTEM,
e-mail: andrii.s.kutsyk@Ipnu.ua,

B. O. Miclopenko

Hamionaneauit yHiBepcuteT “JIpBiBChKa MOMITEXHIKA”,

kKadenpa eneKTpoOMeXaTPOHIKU Ta KOMIT FOTEPU30BAHUX EIEKTPOMEXaHIYHUX CUCTEM,
e-mail: valerii.o.misiurenko@Ipnu.ua

T. 51. /I3p00a

Harmionansuuit yaiepcuteT “JIbBiBChbKa MOJiTEXHIKA”,

Kadeapa eneKTpOMEXaTPOHIKH Ta KOMII FOTEPU30BAHUX CICKTPOMEXaHIYHIX CHCTEM,
e-mail: taras.y.dzoba@Ipnu.ua

TAPMOHIYHUI AHAJII3 CTPYMY TA EJEKTPOMATHITHOIO MOMEHTY
IMECTU®A3ZHOI ACHHXPOHHOI MAIIIMHU 3 )KUBJIEHHSAM
BIJI IHBEPTOPA 3 IIIIM B ABAPIMHUX PEXKMUMAX
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ecTudgasHi acCHHXpPOHHI MalIMHYM NPUBEPTAIOTh 3HAYHY YBary 3aBIsiKM BHCOKIil e(pexTHUBHOCTI
Ta miABMINeHiH cTilikocTi 10 BigMoB. IlopiBHAHO 3 TpaauUiHHUMM TPU(AZHUMH MALIIMHAMM, LIECTH-
¢a3ni npuBoaM MOXKYTH HpauoBaTH y pa3i oOpuBy oiHi€i, 1BoX a00 HaBiTh TpbLOX (a3 crarTopa,
NPOAOBKYIOYH CTBOPIOBATH €JIEKTPOMATHITHUI MOMEHT i MiATPMMYBATH MeXaHiYHe HABAHTAKEHHS,
X04a 3pOCTaIOTh MyJbcalii MOMEHTY, FApMOHIliHi CIOTBOPEHHSI TAa CHOCTEPIraeTbesi NMeBHe 3HMIKEHHS
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Current and torque harmonic analysis of six-phase induction machine with PWM inverter supply under...

eexTuBHOCTI. Taka NoBeiHKa NMOSCHIOETHCA B3a€EMO/I€I0 MPOCTOPOBUX FApPMOHIK, SIKi BU3HAYAIOTHCH
NepeBaskHO KOHCTPYKUi€0 MAIIMHU Ta KOH(irypauiero 00MOTOK, 3 YaCOBUMH rapMOHiKaMH, NMOB’sA3a-
HHMMH 3i CXeMOI0 KUBJIEHHSI Bi/l iHBepTOpA 3 IIMPOTHO-iMITYJILCHOIO MOYJISILI€IO.

Y crarrti npoaHanizoBaHO TrapMOHIKH CTPyMYy Ta eJeKTPOMATHiTHOr0O MOMeEHTY miecTH¢azHMX
ACHHXPOHHMX MAIUMH i3 KUBJIEHHSIM Bil iHBepTOpa 3 MIUPOTHO-IMIYJIbCHOI MOAYJISALI€EI0 HA OCHOBI
B3a€MOJil MPOCTOPOBHX i YacoBUX rapmoHik. JlocaizixeHHs] 0XOIUIIOE SIK HOPMAJLHMII pekuM poloTH,
Tak i aBapiiiHi cueHapii, BHUCBIT/II0I0YM BIJIMB TapMOHIHHUX CKJIAQJA0BMX Ha HyJbcauii ejgeKkTpo-
MAarHiTHOIO MOMEHTY, KOJMBAHHS IIBUIKOCTI Ta 3arajibHUil Koe(pilieHT rapMOHIYHUX CIIOTBOPEHb.

B3aemopisi npocTOPOBMX rapMOHIK MAIIMHYU 3 YACOBMMHU rapMOHiKaMHM BiJl iHBepTOpa Hampyru 3
HIMPOTHO-IMITYJIbCHOI0 MOIYJISILI€I0 CIPHYUHSE MYyJbcalii eJIEeKTPOMArHITHOIO MOMEHTY. Y HOPMaJlb-
HOMY pekuMi AOMIHYIOTH IIPOCTOPOBI TapMOHIKH Yy KPHBHX CTPYMy Ta MOMeHTY. 3a ogHo(a3HOro
o0puBy (a3u [0oMiHye Jpyra rapMoHika 4epe3 KOMIIOHEHTY MArHITHOro mnoJs 3i 3BOPOTHOI
NMOCJIiI0BHOCTI, TOAi SIK 1I0CTA Ta ABAHAAUATA TAPMOHIKM MOMEHTY 3MEHIIYIOThes. Y pa3i TpudasHoro
o0puBy ¢a3 MalIMHA NPAUIOE 32 3HMKEHOI0 HABAHTAKEHHSl, Y TAPMOHIHOMY CHEKTpi MeHIIUii
KOe(ilieHT rapMOHIYHHMX CIIOTBOPEHb NMOPIBHAHO 3 HOPMAJIbHUM PE:KMMOM, a MPOCTOPOBI rApMOHIKH
npoaoB:KyTh aominyBatu. Ili pe3yabTarH migkpeca0l0Th BaIUBICTH aHANIZy TrapMoHik JIs
onTuMizalii crpareriii KepyBaHHsl i WIiIBMIIEHHSI 3arajbHOi NPOAYKTHBHOCTI Ta HajilHoOCTI
mwectudasnux npusoaiB. Bnuiup iHBepTOpa Hampyru i3 IIMPOTHO-IMIIYJIbCHOI MOAYJISIIEID Yy LHUX
aBapiiHMX yMoOBaX He3HAYHHUI, OCKUIBKM TapMOHIKM BHCOKHX MNOPSAAKIB y cTpyMi Ta MOMeHTI
HeCYTTEBI.

Kniouosi cnoea. cumempuuna wecmugazna acuHXpOHHA MAWUHA, NPOCMOPOGI 2APMOHIKU,
ineepmop nanpyzu 3 IIIIM, mamemamuyune mMo0eat08ants, aGapiitii pescumu.
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