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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 (6P1M)
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 6P1M 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:

o development of the mathematical model of the symmetrical 6P1M, 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;

e 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;

e 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 numerical

integration step Ay, = Lamlfl - LamO;O , by the vector equation:

U_RZ)+(B+@JZ)_E%_(B+QJZZO, (1)
3 Nt 6 dt 3 A
t +At
where U = [ U,,(t)dt is the vector of average voltages in the step of numerical integration, ugy, is the
At tO
vector of instantaneous voltage values of the stator windings ABC and XYZ, and the rotor windings abc, ;0

, TIT are vectors of currents at the beginning and end of the numerical integration step,

R = diag(RA,RB,RC,RX,RY,RZ,Ra,Rb,Rc) is the matrix of active resistances. L, o= Lam(YRo)a
Lomi =Lam (le) are matrix inductance at the beginning and end of the numerical integration step, yro, Yri

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:

o dy, (i,

Oogp  Wmllota), %
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:

d\T]am (_1” TR ) — a\Tjam (_1” TR )E + a\Tlam (_1” TR ) dYR =L E + aLam _{pQ
dt di dt YR d "dt  oyg
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)

< B ~ L -
di_fg-ri-Lmpo it 4)
dt N
The expressions for the rotor angular position of the 6PIM is as follows:
dy
=pQ. ®)
dt P
The angular velocity of the 6PIM is given by:
@ _T.-T, 6)
dt J

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

T, :g[\VA(iB —ic)+yplic —ip) +yeliy —ig) +yx(iy —iz) +wy(iz —ix) + vz (x _iY)]/ (7

where i,,ig,ic,ix,ly,i; are stator winding currents, v, Wy, We,Wx,Wy,Wy are flux linkages of the 6PIM.

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
Figure 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(Uk0=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 strateqy 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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e 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.

e 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.

e 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?. 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%, 7, 111,
13® and 19" orders. The presence of the 5%, 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 (a) 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).

DC =2.39, THD= 8.16%
T T

Mag (% of DC)

w S w (] ~
T T T T T
! I I I I

N
T
|

-
T
1

0 = phl | i I . 1
4 6 8 10 12 14 16 18 20 22
Harmonic order

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%, 7%, 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% 7% 11, and 13®
harmonics in the stator currents is due to the non-sinusoidal distribution of the magnetic field in the
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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 6PIM for the 50% load
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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 torque pulsations in this mode is reduced compared to normal operation. Consequently, the THD of the
electromagnetic torque decreases to 14.39% (Fig. 14).
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Fig. 13. Electromechanical torque (a) and rotational speed (b) of the symmetrical 6PIM for the 50% load and three-
phase fault

DC =2.401, THD=4.72%
T T T T T

mn = 2 . = . L
8 10 12 14 16 18 20 22
Harmonic order

Fig. 14. Harmonic spectrum of the torque 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.
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TAPMOHIYHUMN AHAJII3 CTPYMY TA EJEKTPOMATHITHOI'O MOMEHTY
INECTU®A3ZHOI ACHHXPOHHOI MAILINHU 3 JKUBJIEHHSIM
BIJI IHBEPTOPA 3 IIIIM B ABAPIMHUX PEXKUMAX

© M.b. Cemeniox, A.C. Kyyux, B.O. Miciopenxo, T. A. [[3b06a, 2025

lecTudga3ni acMHXPOHHI MAIIMHU Mal0 3HAYHY YBary 3aBAsIKH BMCOKili edekTMBHOCTI Ta
niaBuIIeHii criiikocti 10 BinMoB. [lopiBHsiHO 3 TpaguuiiiHuMu TpudaZHUMH MalIMHAMM, mecTH(a3HI
NPHUBO/IM MOKYTh MPaNIOBATH NPH 00pHBi 0Hi€l, ABOX a00 HaBiTHL TPLOX (a3 cTaTopa, MPOAOBKYIOUYH
CTBOPIOBATH €JeKTPOMATHITHHII MOMEHT i MiATPMMYBATH MeXaHiuHe HABAHTAKEHHS, X04a NMPHU UbOMY
3pOCTAalOTh IyJibcalil MOMEHTY, TapMOHIiliHIi CINOTBOPeHHSI Ta CHOCTEPIraerbcsi NeBHE 3HUMKEHHS
epexTuBHOCTI. Taka MoBeiHKa NMOSICHIOETHCSI B32€EMO/II€I0 MPOCTOPOBUX FAPMOHIK, sIKi BUZBHAYAIOThCSH
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NnepeBaKHO KOHCTPYKUI€I0 MAIIMHM Ta KOHdirypaui€eo o6MOTOK, 3 4aCOBUMH rapMOHIKaMH, OB’ A3a-
HHMMH 3i CXeMOI0 KUBJIEHHSI Bi/l iHBepTOpA 3 IMPOTHO-IMITYJILCHOIO MOYJISII€IO0.

Y crarTi npoBeeHO aHANi3 TApMOHIK CTPYMY Ta eJeKTPOMATHITHOIO MOMEHTY LIecTH(a3HHX
ACHHXPOHHMX MALIMH 3 KMBJIEHHAM Bi/l IHBePTOpPa 3 IIMPOTHO-IMIY/JIbLCHOI0 MOAYJIALi€I0, 0a3yI0UHMCh HA
B32€MO/ii POCTOPOBHUX i YaCOBUX rapMoHik. JociifkeHHs1 0XOIUIIOE IK HOPMAJIbHUI peskuM podoTH,
Tak i aBapiiini cueHapii, BHCBIiT/JII0I0YM BIJIMB TapMOHIHHMX CKJIaJ0BMX Ha NyJbcalii eJeKkTpo-
MAarHiTHOI0 MOMEHTY, KOJIMBAHHS LIBUIKOCTI Ta 3arajibHUil KoedilieHT rapMOHIYHUX CIIOTBOPEHbD.

B3aemozisi npocTOPOBUX rapMOHiK MALUMHM 3 YACOBUMHU IapMOHIKaAMH BiJ iHBepTOpa HANIPYIH 3
HIMPOTHO-IMITYJIbCHOI0 MOAYJISINI€I0 BUKJIMKAE MYyJbcalii eJ1eKTPOMATHITHOTO MOMEHTY. Y HOPMAaJib-
HOMY pekuMi JO0MiHYIOTh NPOCTOPOBi rapMOHiKHM y KPHUBHX cTpyMy Ta MoMmeHTy. IIpu onnodaznomy
00puBi ¢a3u JOMiHY€ Apyra rapMoHika yepe3 KOMIOHEHTY MATHITHOTO 110JIS1 3 3BOPOTHOI NOCJIiA0BHOCTI,
Toli fIK 6-Ta Ta 12-Ta rapMOHIKH MOMEHTY 3MeHIIYIWThCs. Y pa3i Tpudasnoro oopuBy (a3 MammuHa
Npaloe NPU 3HUKEHOMY HABAHTa)KeHHi, a TapMOHIiiHMII CcHeKTpP Nnoka3ye MeHIIMi KoedimieHT
TapMOHIYHHMX CIOTBOPEHb NOPIBHAHO 3 HOPMAJBbHHMM PE€KHMOM, NPH LLOMY HPOCTOPOBI rapMOHikHM
3aIMIIAKTheA AoMiHylouuMH. Ii pesynabraru migkpecj0lTh BAaXJIMBICTH aHAJII3y TapMOHIK AJs
onTuMizanii crpareriii KepyBaHHsI Ta WiIBMIIEHHS 3arajbHOi NPOAYKTHUBHOCTI Ta HajailiHocTi
mectugasHux npuBoiiB. IHBepTOp HANpPYru 3 IMPOTHO-IMIYJIBCHOIO MOAYJISIIEI0 MAa€ He3HAYHHUMH
BIUIMB Y HUX ABapiiHUX yMOBaX, OCKUIbKH rapMOHIKM BHMCOKHMX NOPSAKIB y CTPyMi Ta MOMEHTI €
HeCYTTEBUMM.

Kniouosi cnoea: cumempuuna wecmupazHa acCUHXPOHHA MAWUHA, RPOCMOPOGI 2APMOHIKU,
ineepmop nanpyeu 3 IIIIM, mamemamuune mooenr08anus, asapiitii pexcumu.
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