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Six-phase induction machines offer several advantages over traditional three-phase
machines, including higher levels of electromechanical compatibility with loads, energy
efficiency, and fault tolerance.

This article presents an analysis of the impact of harmonics in the winding distribution
function in the stator slots and the harmonics of the machine’s supply on its electromechanical
compatibility with the load during a single-phase failure.

Using the developed mathematical model, which accounts for spatial harmonics of the
six-phase induction machine and time harmonics from the stator windings powered by a six-step
voltage source inverter, the interaction of spatial and time harmonics in the phase failure mode
and their effects on the electromagnetic torque and copper losses of the machine are analyzed.
Specifically, in the normal (healthy) operating mode, the interaction of the first spatial harmonic
with the 5", 7", 11™, and 13" time harmonics leads to the emergence of the 6™ and 12" harmonics
in the electromagnetic torque. Similar harmonics appear in the electromagnetic torque when the
first time harmonic interacts with the 5, 7, 11", and 13" spatial harmonics.

Under open single-phase fault in the six-phase induction machine, additional harmonics,
including the 2", 4™, 8", and 10", appear in the electromagnetic torque. The second harmonic,
caused by the reverse sequence component of the field, has the most significant impact on the
electromagnetic torque. Notably, in this mode, the 6™ and 12" harmonics in the electromagnetic
torque decrease due to the absence of stator current under open phase fault.
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Copper losses in the six-phase induction motor, which are caused by time and spatial
harmonics, decrease under phase open fault. This is attributed to the absence of higher
harmonics from the missing phase and the reduction in the THD for the currents of the
healthy phases.

Keywords: symmetrical six phase induction machine, electromechanical compatibility,
open-circuit fault, six-step voltage source inverter, mathematical modeling.

Introduction
Improving the energy efficiency of multiphase induction machine depends on minimizing spatial
and time harmonics, which determine the harmonic content of the electromagnetic torque and power losses
of the machine. Six-phase induction machines (6PIMs) are widely used in the locomotive traction,
industrial high-power applications, electric and hybrid-electric vehicles [1].

Analysis of recent researches and publications. Problem description

The 6PIMs and drives provide some important advantages over three-phase motors. These benefits
include higher power density, improved efficiency, enhanced reliability and fault tolerance [2—-4].

The increased energy efficiency of the 6PIM is due to the reduced content of higher harmonic in
machine. There are spatial harmonics which are related to the distribution of winding turns in the stator
slots in machine and time harmonics which are associated with the supplying of the stator winding by
semiconductor converter (six-step voltage source inverter and PWM voltage source inverter) [5, 6].

The high fault tolerance of the 6PIM lies in machine ability to operate under fault conditions such as
failure one or more phases or a short circuit in the voltage source inverter or induction machine circuit.
Under these conditions, the 6PIM continues to operate with somewhat degraded performance compared to
the three-phase induction machine [7, 8].

Unlike the classical three-phase machine, the 6PIM contains two three-phase windings on the stator.
The presence of these windings in the machine results in machine characteristics described above. The
impact on the electromagnetic torque of the 6PIM is exerted by harmonics of the stator current: the 5%, 7%,
11™ and 13™ harmonics. The 5" and 7™ harmonics in the stator currents of the 6PIM cause the 6™ harmonic
in the electromagnetic toque. The 11™ and 13™ harmonics in the stator currents of the 6PIM cause the 12"
harmonic in the electromagnetic toque. To reduce the influence of spatial harmonic of the 6PIM, certain
methods of the shifting the three-phase stator windings are used. In particular, the shifting the stator
windings by 30 electrical degrees in space allow the 6™ harmonic in the electromagnetic toque to be
eliminated when windings are supplied with sinusoidal voltage. These 6PIM is called asymmetrical [9, 10].

The symmetrical 6PIM provides the shifting the stator windings by 60 electrical degrees. The symmetrical
6PIM provides improved opportunities based on the point of view for control forming. [11-14]. The presented
scientific research considers the symmetrical 6PIM.

To ensure improved energy efficiency performance of the 6PIM, it is important to analyze the influence of
spatial and time harmonics on electromagnetic torque and power losses. Therefore, conducting such an analysis using
mathematical modeling methods and physical experiments is a relevant scientific task.

Definition of goals and tasks of article
The aim of the research presented in the article is to analyze the impact of time and spatial
harmonics on the electromagnetic compatibility of the symmetrical 6PIM under condition of a sing-phase
fault, using mathematical modeling methods.
The scientific contribution of the article includes:
e development of the mathematical model for the 6PIM with stator winding supplied by a six-
phase inverter, taking into account the spatial harmonics of the winding distribution function in
the stator slot;
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e conducting harmonic analysis of the influence of spatial and time harmonics on electromagnetic
torque of the 6PIM under open phase circuit fault;

e analyzing the impact of stator and rotor current harmonics in the 6PIM on copper power losses.

Main matter description

A frequency-controlled electric drive consists of the symmetrical 6PIM and a six-phase voltage
inverter. The two three-phase stator windings of the 6PIM, spatially shifted by 60 electrical degrees, are
powered by the six-phase voltage inverter. The supply voltages for the three-phase stator windings of the
six-phase motor are time-shifted by 60 electrical degrees (Fig. 1). The input of the voltage inverter is
connected to the DC voltage source (V).

To analyze the impact of spatial and time harmonics on the electromagnetic torque of the 6PIM in
the frequency-controlled electric drive under the single phase failure condition, a mathematical model of
the system was developed using the method of average voltages in the step of numerical integration [15].

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

DC-link
voltage

Six-phase Inveter Open-circuiﬂ Six-phase Induction
phase fault | Motor

Ve

S| S4 Se S8 Sto S12

Fig. 1. Six-phase drive topology

Mathematical modeling of the 6PIM and model validation
According to the method of average voltages in integration step [15], the vector equation for the
stator and rotor windings of the 6PIM, taking into account the increment of flux linkage at the step of

numerical integration AVam = Lamii-Lamoo g as follows:

- - (R L, ) RAtdi, (R L)
O-Ri, +[ R Lo |7 _RALAG (R Loy }r ) (1)
3 At 6 dt 3 At
t +At
where U=— | u,, (t)dt is the vector of average voltages in the step of numerical integration,
At ¢t
0

T T .
uam:(uA,uB,uC,uX,uY,uZ,ua,ub,uc) :(uA,uB,uC,uX,uy,uZ,O,O,O) is the vector of
instantaneous voltage values of the stator windings ABC and XYZ, and the rotor windings abc,

= , L , R - Y
o = (1A0’IBO’ICO’IXO’IYO’IZO’1a0’1b0’1c0) I (IAI’lBl’1C1’1X1’1Y1’IZI’lal’lbl’lcl) are
vectors of currents at the beginning and end of the numerical integration step,

R = diag(RA ,RB,Rc,Rx,Ry,R7,R,, Ry, RC) is the matrix of active resistances. L, = Ly, (YRO ),
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L (le) are matrix inductance at the beginning and end of the numerical integration step, Yro,

am0 = Lam
Yr1 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
0-ri + 80=lin) @
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:
dy,, (i, o, Lye Jdi oy, iy, )d ) PP
Wam(l YR): Wam(i YR)i_"_ Wam(l YR) YR :Lam£++min:ETR +EROT’ (3)
dt o1 dt oy,  dt dt =y,

where p is the number of pole pairs, Q is the rotation frequency, Eqz,Epor are the transformation

electromotive force (EMF) and rotation electromotive force (components of the stator windings’ EMF).
According to expressions (2) and (3), the current derivatives are determined by the following

formula:

e - ~ L -

di_[g_gi - L ipQ|L7 4)
dt OYx

The expressions for the rotor angular position and angular velocity of the 6PIM are as follows:

dyy

— 0 = Q 7
T

@ T.-T, (5)
dt J

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

Te :%me (irﬁisot _iraisﬁ)/ (6)

where i s are the stator winding currents in the af coordinate system.

sa’lsﬁ=1ra>1r
A detailed description of the 6PIM mathematical model with consideration of spatial harmonics is
given in [5].
The adequacy of the 6PIM model was verified by comparing the results of mathematical modeling
and experiment using the developed in Rzeszow University of Technology experimental sample (Fig. 2, a).
The study was conducted for sinusoidal supply of the stator windings, with current distortion caused by the

influence of spatial harmonics.

'- |; Time [s]

Fig. 2. The experimental sample (a) and stator current (b) of the symmetrical 6PIM: experimental results
(curve 1) and results of mathematical modeling (curve 2)
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A comparison of the results of a physical experiment and mathematical modeling of 6PIM shows
their high convergence (Fig. 2, b) and is given in [5].

According to approach [5], spatial harmonics of the 6PIM are considered by introducing harmonic
components into the magnetizing inductance.

Research results

The research of the frequency-regulated induction electric drive with 6PIM in the mode of one-phase
open fault was carried out for the nominal load torque (Fig. 3 — Fig. 4). Passport data of the 6PIM: Py =1.5
kW, Uy=400 V, Iy=1.43 A, n=2812 rpm, Ty = 5.04 Nm, L,; =0.06 H, L', = 0.01 H, L,=13H,
R, =8.00hm,R’,=4.0 OhmrtaJ=0.015 kg~m2.

The fault operating mode, which involves the open fault of one of the machine’s phases under
nominal load, is of significant interest. Phase A is disconnected for 3.5 seconds (Fig. 3a). In this mode, the
effective values of the XYZ stator winding currents increase (Fig. 3b) to ensure the required value of the
machine’s electromagnetic torque (Fig. 4b). The 2" and 4™ harmonics appear in the electromagnetic torque
due to the one phase fault circuit.
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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 nominal load under open phase fault

The rotational speed of 6PIM under the open phase fault practically does not change (the decrease is
0.26 %). The amplitude of the rotational speed oscillations triples compared to the healthy mode (Fig. 4a).
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Fig. 4. Rotation speed (a) and electromagnetic torque (b) of the symmetrical 6PIM
for the nominal load under open phase fault
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Harmonic analysis of the electromagnetic torque of the 6PIM demonstrates the presence of the 6™
harmonic with amplitude of 16.91 % and the 12" harmonic with amplitude of 3.24 % in the machine’s
nominal operating mode. Under phase open fault mode, additional 2™, 4™, 8" and 10™ harmonics appear in
the electromagnetic torque. In this case, the 2™ harmonic has a significant impact on the electromagnetic
torque, with amplitude of 12.75 %. It is also noted that in this mode, the amplitude of the 6™ harmonic
(13.07 %) and the 12™ harmonic (2.9 %) decreases, which is due to the absence of one phase, and
consequently, the reduced influence of higher current harmonics of this phase on the electromagnetic
torque (Fig. 5).

B HEALTHY
B OPEN PHASE FAULT

Torque magnitude,”

Harmonic order

Fig. 5. Harmonic analysis for the electromagnetic torque
of the symmetrical 6PIM under healthy and open phase fault for the nominal load

It should be noted that the machine’s time and spatial harmonics cause the appearance of the 5" and
7™ as well as the 11" and 13™ harmonics in the machine’s currents under normal (healthy) operating
conditions. These harmonics affect the power losses in the stator and rotor windings. Copper losses in the
stator and rotor windings for the symmetrical operating mode, taking into account first and higher
harmonics, are determined according to expressions (7) and (8).

1 thd 2 S 2 2 2 2
Peus = Peus + Peus = ORglg) + ORg 22 Ign = O6RgIg) + 6RsIslTHDsi > (7)
n=
1 thd 2 o 2 2 2 2
Pour = Pour + Peur = 3R,I5] + 3R, Zzlm = 3R, Iy + 3R I, THD , (8)
n=

is copper losses of the stator winding taking into account first and higher harmonics, Pl is

where Peu cus

S

N . . thd .
copper losses of the stator winding taking into account first harmonic, P, d is copper losses of the stator

cus

winding taking into account higher harmonics, Rg is stator winding resistance, Iy is first harmonic of the

S

stator current, THDy; is total harmonic distortion of the stator current, P, . is copper losses of the rotor

T

winding taking into account first and higher harmonics, P1

cur 18 copper losses of the rotor winding taking

. . thd . . . . .
into account first harmonic, P, is copper losses of the rotor winding taking into account higher

cur
harmonics, THD;; is total harmonic distortion of the rotor current,
Since the open phase fault mode is an asymmetrical operating condition for the machine, the copper
losses caused by higher harmonics will be determined according to expressions (9) and (10).

100



An influence of the time and spatial harmonics on an electromagnetic torque of a symmetrical

hh 2 2 2 2 2 2 2 2 2 2 2 2
Peus = Rl5a THD g5 + RIgp THD g + RIS THD G + R I5 THD g + RsIsleHDsyi + Rl THD ;0 ©)

Por =R, 15 THD,; + R, I3, THDG; + R 15 THD; (10)

Copper losses in the stator windings of the 6PIM amount to 41.87 W under nominal conditions, with
losses due to higher harmonics accounting for 8.95 %. In the case of the open phase fault, copper losses in
the stator windings of the 6PIM increase to 53.47 W, while losses due to higher harmonics decrease to 5.67
%. This is attributed to the absence of current in phase A and the reduction in the THD for the stator
currents X, Y, and Z, which increase in this mode (Fig. 6).

Copper losses due to higher harmonics in the rotor windings of the 6PIM decrease during the
phase A failure, amounting to 8.85 % compared to the nominal (healthy) condition (9.28 %).

M Healthy
B Open phase fault

Copper losses due to higher harmonics, %

Stator copper losses Rotor copper losses

Fig. 6. Stator and rotor copper losses due to high harmonics
of the 6PIM under healthy mode and open phase fault

Conclusion

Analysis using the developed mathematical model of the symmetrical 6PIM powered by a six-step
voltage source inverter indicates that spatial harmonics of the winding distribution function and time
harmonics of the stator winding supply have the impact on the electromechanical compatibility of the
6PIM with the load, both under healthy and fault conditions, such as phase failure.

Specifically, in the normal (healthy) operating mode, the interaction of the 1* spatial harmonic with
the 5™, 7™ 11™ and 13™ time harmonics leads to the emergence of the 6™ and 12™ harmonics in the
electromagnetic torque. Similar harmonics in the electromagnetic torque are observed when the 1* time
harmonic interacts with the 5™, 7", 11™ and 13" spatial harmonics.

In the event of the open phase fault in the 6PIM, in addition to the aforementioned harmonics, the
electromagnetic torque also exhibits 2™ 4™ 8™ and 10™ harmonics. The second harmonic, resulting from
the reverse sequence component of the field, has the most significant effect on the electromagnetic torque.
It is noteworthy that in this mode, the 6™ and 12" harmonics in the electromagnetic torque decrease due to
the absence of higher harmonics associated with the failed phase.

Copper losses in the 6PIM depend on both time and spatial harmonics and constitute 9 % of the total
copper losses in the normal operating mode. During the one phase failure, the losses due to higher
harmonics decrease, attributed to the absence of current in this phase and the reduction in the THD for the
stator currents of the healthy phases, whose effective values increase in this mode.
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Direction of further research
In further research, it is planned to analyze the influence of spatial and time harmonics on the

electromagnetic torque of the six-phase induction motor in the case of different power supply methods for
the two three-phase stator windings (with common and separate neutrals) under single-phase and two-
phase open-circuit faults. This will allow for the development of recommendations regarding the
electromagnetic and electromechanical compatibility of the six-phase motor in fault conditions with
various power supply configurations.
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BILJIMB YACOBHUX TA TIPOCTOPOBUX T'APMOHIK HA EJJEKTPOMATHITHU MOMEHT
CUMETPUYHOI MIECTU®A3ZHOI ACHHXPOHHOI MAIIIMHU 3 ) KUBJIEHHSM BIJT
IMECTUTAKTHOI'O IHBEPTOPA HAIIPYI'U 3A BIICYTHOCTI ®A3HU

© Cemeniox M. B., Kyyux A. C., Micropenxo B. O., 2024

Ilectuda3ni acMHXpOHHI MAaIMHH MaOTh WYy HU3KY NepeBar, NMOPiBHAHO 3 KJACHYHHMH
TpU(pa3ZHUMH MalIMHAMH, 30KpeMa BHCOKI MOKA3HUKHU eJIeKTPOMeXaHi4yHOI CyMiCHOCTi 3 HaBaHTaKeH-
HSIM, eHeproegeKTUBHOCTI Ta BIAMOBOCTIHKOCTI.

Hagegeno anaJjii3 BIVIMBY rapMoHik (yHkuii po3moginy BUTKIB 00MOTKHM MAalIMHM B Na3ax
cTaTopa Ta TapMOHIK KMBJIEHHS MAIIMHM Ha eJeKTPOMeXaHiYHy CyMicHicThb MallMHH 3 HABaHTa-
JKeHHSIM Y pexxuMi o0puBy oaHiel gaszu.

3a nomoMoror po3podJieHOi MAaTeMATHYHOI MoOJeli, sIka BPaxoBY€ MPOCTOPOBi rapMoOHIKH
mecTu(a3Hoi ACHHXPOHHOI MAIIMHHU Ta YacoBi rapMOHIKM KUBJIEHHS1 00MOTOK cTaTOpa MallMHU Bil
IHIEeCTUTAKTHOIO iHBePTOpAa HANPYTH, MPOAHAJII30BAHO B3a€EMO/Ii€I0 MPOCTOPOBUX TA YaCOBUX FAPMOHIK
B pe:kuMi o0puBy ¢a3u Ta iX BIVIMB HA €JeKTPOMATHITHMII MOMEHT Ta BTPAaTH B MiAi MaluHH.
3okpeMa, y HOpMaJabHOMY (310POBOMY) pe:KMMi B3a€EMO/Iisl epIIOl MPOCTOPOBOI rapMoOHikM 3 5-010 Ta 7-
o10, 11-010 Ta 13-010 YacoBHUMH TapMOHiKaMM NpPH3BOASTHL /10 NOABH 6-0i Ta 12-0i rapMoHikum B
€JIeKTPOMATHITHOMY MOMEHTi. AHAJIOTiYHi TApMOHIKHM B €JIEKTPOMATHITHOMY MOMEHTI 3’fIBJSIOTHCS MPH
B32a€EMO/Iil IepIIoi YacoBOi rapMoOHiku 3 5-010 Ta 7-010, 11-010 Ta 13-010 IPOCTOPOBUMM r'apMOHIKAMU.

Y Bunaaky o0puBy onaHi€i ¢a3u mecTtudazHoi MANIMHU J0JATKOBO B €JEeKTPOMATrHITHOMY
MOMEHTi 3’SIBJSIIOThCS Takoxk 2 T1a 4, Ta 8 Ta 10. Jlpyra rapmMoHika, BUKJIMKAHA CKJAJA0BOIO MOJIS
3BOPOTHOI MOCTiIOBHOCTI, Ma€ HANHOINbII 3HAYHUI BIUIMB HAa €J1eKTPOMATHITHHII MOMEHT. 3a3HaYHMO,
10 B IbOMY pe:kuMi 6 Ta 12 rapMoHIiKH B eJeKTPOMATHITHOMY MOMEHTI 3MEHIIYIOThCSl Y 3B’A3KY 3
BIICYTHICTIO CTPYMY cTaTOpa mijx yac o0puBy ui€i pa3zu.

Brparu B Miai mecTuda3Horo IBUryHa, Cipu4ruHeHi 4aCOBUMU Ta NMPOCTOPOBMMHU FapMoOHIKaMu
MALIMHHU Y pexkuMi o0puBy (pa3u, 3MEHIIYIOThCS, 1110 3yMOBJIEHO BiICYTHICTI0O BMiCTy BHIIMX FapMOHIK
CTPYMY BiACYTHBOI ()a3u Ta 3MeHIIEHHAM KoedilieHTa BUIIIa TapMOHIK /15l CTPYMiB 310poBHX ¢a3.

Knwuogi cnosa: cumempuuna wiecmuasna acunXponna MAauiuna, e1eKmpoMexaniuna cymicHicme,
00pue azu, wecmumaxmuuil ingepmop Hanpyzu, mamemamuune Mooe1108anH.
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