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Abstract: This paper focuses on analyzing asymmetric and open-phase fault modes in symmetrical
two-channel six-phase induction machines while considering the spatial harmonics of the electro-
magnetic field in the air gap. Under sinusoidal power supply, the magnetomotive force exhibits
high-order spatial harmonics, which arise due to the winding design. The interaction between
these spatial harmonics and the first-time harmonic of the power supply results in the presence
of high-order harmonics in the current and electromagnetic torque. The harmonic content of the
currents and torque under asymmetric and open-phase operation mode while taking into account
spatial harmonics is analyzed. It is shown that in asymmetrical modes, in addition to the 5th, 7th,
11th, and 13th higher harmonics found in symmetrical modes, harmonics in multiples of the 3rd are
introduced into the stator winding currents. As for the composition of the electromagnetic torque in
asymmetrical modes, all even harmonics are present, in addition to the 6th and 12th harmonics that
are characteristic of symmetrical modes. A mathematical model of the six-phase induction machine
has been developed using the average voltages within the integration step method. Its adequacy
was verified by comparing the simulation results with the experimental results obtained from the
developed prototype.

Keywords: induction machine; electrical fault; electromagnetic fields; electromagnetic torque;
harmonic analysis

1. Introduction

Multi-winding induction machines have a lot of advantages that determine their
application in modern electric vehicles. These advantages include higher electromagnetic
compatibility and the electromechanical compatibility of the machine with the load com-
pared to conventional three-phase machines [1,2]. In addition, special attention is given to
the issue of increased fault tolerance in these machines [3]. This refers to the operation of
the machine in the case of fault conditions, such as one or several phases being missing.
Under such conditions, the electric machine continues to operate with slightly degraded
performance compared to a conventional three-phase machine [4,5]. Reference [6] presents
strategies for optimal control in the fault modes in a six-phase induction machine, aiming
to improve the electromechanical compatibility of the machine with the load. Reference [7]
analyzes the topology of a six-phase asynchronous generator in a wind power system and
its fault tolerance capability. Reference [8] proposes a control law for a six-phase induction
motor in a positional system in the case of the open-phase fault.
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Most works propose the use of six-phase [9] or two-channel induction machines [10],
in which the windings are shifted in space by a certain angle.

References [11,12] focus on the fault modes of the two-channel induction machines
under sinusoidal supply. However, these and similar publications do not take into consid-
eration the influence of spatial harmonics of the magnetomotive force (MMF) caused by
the non-sinusoidal distribution of winding turns in space. Meanwhile, as demonstrated
in [13,14], spatial harmonics do affect the current waveform and electromagnetic torque of
the machine.

To investigate the spatial harmonics’ influence on the electromagnetic torque of the
induction machine, field theory-based mathematical models combined with the finite ele-
ment method (FEM) are commonly used [15,16]. These models make it possible to study
the influence of spatial harmonics on static characteristics and to analyze the steady-state
operation. However, such models are characterized by low computational performance
and are challenging to use for transient analysis [17,18]. At the same time, the synthesis of
electric drive control systems requires models with increased computational performance
to analyze long transients, especially in multi-machine systems with controlled power
supplies. To solve such problems, the above models are not very suitable. In this case,
faster circuit-theory-based mathematical models are used, which, however, do not take into
consideration the influence of spatial harmonics [19]. Therefore, to analyze the influence
of spatial harmonics on both steady-state and transient operation modes of an induction
machine, the paper proposes a circuit theory-based mathematical model based on the
authors” AVIS method in combination with an analytical description of the magnetizing
force, which is formed as a result of the interaction of the spatial harmonics of the winding
coils” distribution function with the first-time harmonic of the supply. A feature of the de-
veloped mathematical model is the representation of the induction machine in the form of a
multipole, which makes it possible to implement various options for connecting windings
to power sources. This paper’s objective is to analyze the influence of spatial harmonics on
the stator current and electromagnetic torque of the six-phase symmetrical induction motor
(6PSIM) containing two three-phase windings on the stator, with a spatial displacement
of 60 electrical degrees [4,20]. This analysis was carried out for steady-state and transient
regimes under asymmetrical modes and open-phase faults using the developed mathe-
matical model and experimental investigations on a prototype of the 6PSIM. It should be
noted that in the known studies of emergency modes of multi-channel (multi-winding)
induction machines, the influence of spatial harmonics is usually neglected, since their
influence is less than the influence of time harmonics caused by the negative sequence
field in an asymmetric system. In this paper, the analysis of asymmetrical operating modes
and phase failure modes is carried out (taking into consideration spatial harmonics) and
quantitatively shows the influence of spatial harmonics on machine’s characteristics.

The structure of the paper is as follows. An analytical description of the magneto-
motive force of the 6PSIM for the asymmetric operating modes taking into consideration
spatial harmonics is included in Section 2. Section 3 presents the calculation scheme for
the system with the 6PSIM and the mathematical model of 6PSIM. A special feature of this
model is the representation of calculation schemes of the power source and 6PSIM in the
form of multipoles, which makes it possible to implement various schemes for connecting
windings to the power source. The experimental test bench developed by the authors
with the prototype of the 6PSIM is given in Section 4. The experimental and simulation
results for the 6PSIM in asymmetrical operation modes and under the open-phase faults
are presented in Section 5. The tasks for further research are discussed in Section 6. The
conclusions are finally summarized in Section 7.

2. Analytical Description of the MMF for Asymmetric Operating Modes

This section focuses on providing an analytical description of the MMF of the 6PSIM
consisting of two three-phase windings, ABC and XYZ, shifted by an angle of 60 electric
degrees under the condition of sinusoidal power supply for asymmetric operating modes
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in which the amplitudes (effective values) of the phase currents are not identical. Such
asymmetry may be due to differences in phase supply voltages or differences in the
electromagnetic parameters of the phases (for example, due to inter-turn short circuits in
one of the winding phases).

It is well established that the magnetic field in the air gap created by a three-phase
winding (ABC) comprises not only the fundamental harmonic but also higher harmonics.
With this in mind, the expressions representing the MMF for phases A, B, and C are
formulated as follows (expression will be similar for XYZ):

Fapc = waia + wgig + weic =
L wi cos(in) L Iam, cos(jwt) + L w, cos(in — ip) Y Ipm, cos(jwt —jp)+ (1)
1 ) 1 )
+Lw, cos(in + ip)ZICm], cos(jwt +ip),
1 ]

where wa, wp, wc are the functions of winding coil’s distribution w(n); wj is the magnitude
of the winding function’s spatial harmonics; i, ig, ic are the stator currents; I Amys Iij ICm].
are the stator currents magnitudes for j-th harmonics;i=2n+1,j=2n+1,(n=0,1, 2,...
M) are the harmonics’ order; 1 is the spatial angle in electric degrees; and p = 271/3; w = 27f,
f is the frequency of the current..

Because

IAm; cos(jwt)[wz cos(3n)] + Ipm, cos(jwt —jp) [wz cos(3n — 3p)] + Icm, cos(jwt +jp) [wz cos(3n 4 3p)] = 0, (2)

if I Am; = I Bm; = ICm]- in symmetrical mode, there are no harmonics multiples of three in the
MMEF composition. In this case, the 5th, 7th, 11th, and 13th spatial harmonics are found to
have the most significant impact. An analysis of the interaction of these spatial harmonics
with time harmonics of the power supply for symmetrical modes is presented in [13],
where, in particular, it is noted that the interaction between the first-time-harmonic of the
winding supply and the 5th, 7th, 11th, and 13th spatial harmonics of the winding coil’s
distribution function causes the appearance of the 6th and 12th harmonics in the magnitude
of the MMF and electromagnetic torque of the machine. Additionally, 5th, 7th, 11th, and
13th time harmonics appear in the stator currents in the case of a sinusoidal supply.

In the case of asymmetric operating modes, equality (2) is not satisfied, resulting in
the influence of harmonics in multiples of three on the MMF, currents, and electromagnetic
torque. Thus, in addition to the aforementioned harmonics for the symmetrical mode [13],
harmonics caused by the interaction of the k-th odd spatial harmonics in multiples of
three (k = 3,9, 15. ..) with the first-time harmonic of the power supply will appear in the
composition of the magnetizing force (for the first ABC channel):

Fascik = ImAlek [cos(kn — wt) + cos(kn + wt)]+
+ImBIk [cos (kn — wt + p) + cos(kn + wt — p)]+ ©
+ Wk (o5 (kn — wt — p) + cos(kn + wt + p)],

and for the second XYZ channel:

Fxyzik = Imx%wk[cos(kn — wt+ Pyi) + cos(kn + wt + By )|+
+I“‘YT1Wk[cos(kn — wt+ By + p) + cos(kn + wt + Bo — p)]+ (4)
+Isz1Wk [cos(kn — wt+ By — p) + cos(kn + wt+ Py + )],

where Fapcik, Fxyzik are the components of the MMF caused by the interaction of the k-th
multiples-of-three spatial harmonics with the first-time harmonic of the power supply;

B = X0 gy = &I 1 -3,9,15,21 ...
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The additional component of the total MMF caused by the asymmetry will be equal to

Fasym = ), (Fascix + Fxyzik) ®)
k=39,15

and will contain the 3rd, 9th, and 15th harmonics (higher harmonics can be neglected).
The magnitude of the MMEF of the symmetrical 6PSIM is determined by substitution
n = wtin (3) and (4), according to the following expressions:
FaBCikm = 44" [cos((k — 1)wt) + cos((k + 1)wt)]+
+ B Wi [cos((k — 1)wt + p) + cos((k + 1)wt — p)]+ (6)
+ImClek[cos((k — 1wt —p)+cos((k+1)wt+ p)].

Fxyzikm = ="k [cos((k — 1)wt + Byi) + cos((k + 1)wt + Poy )]+

+ Y™ [eos((k — 1)wt + By + p) + cos((k + 1) wt + By, — p)]+ @
_._ImZTlvvk[Cos((k — l)wt + Blk — p) + COS((k + 1)wt+ BZk + p)}
Frmugm = 3 (Fabcikm + Fxyzikm) ®)
k=3,9,15

The additional content of the 3rd and higher odd multiples-of-three harmonics in the
instantaneous values of the MMF (Equations (3) and (4)) results in the emergence of these
harmonics in the electromotive forces and in the winding currents of the induction machine.
Consequently, the influence of spatial harmonics in asymmetric modes leads to a greater
distortion of currents compared to symmetric operation.

The amplitude of the magnetizing force, in this case, is pulsating and contains (in
addition to the 6th, and 12th harmonics) all even harmonics (Equations (6)—(8)). Among
them, the 2nd, 4th, 8th, and 10th harmonics have a notable influence. The electromagnetic
torque of an induction motor will have a similar harmonic composition. The harmonic com-
position of currents and the electromagnetic torque of an induction motor are extensively
analyzed in Section 5.

3. Mathematical Model of the 6PSIM

The mathematical model of the 6PSIM was developed by the authors using the aver-
age voltages in integration step (AVIS) method, which is described in detail in [21]. The
AVIS method has the advantages of high computational efficiency and numerical stability,
making it possible to create fast-response mathematical models that can operate in real-
time mode and interact with physical objects using hardware-in-the-loop technology. For
instance, such models have been developed for electrical drives with three-phase induction
motors [22,23] and multi-phase induction machines [13]. Moreover, the AVIS method has
been used to create models of a power generation system with a synchronous generator [24]
and electrical systems with parallel calculations [25]. These examples demonstrate the
adequacy and efficiency of the AVIS method for modeling electromagnetic and electrome-
chanical processes in electromechanical systems. The mathematical model created using
the AVIS method can be used in estimators and observers as an element of the control
system due to its increased performance and numerical stability.

The mathematical model of the 6PSIM is represented in phase coordinates (Figures 1 and 2)
as a multipole. Representing the 6PSIM model in the form of a multipole structure allows for
the investigation of the various options for winding connections and expands capabilities
for analyzing fault modes. Three-phase stator windings of the 6PSIM are placed with the
phase displacement of a = 60 electric degrees between stator sets (sA, sB, sC) and (sX,
sY, sZ).
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Figure 2. The calculation scheme of the 6PSIM mathematical model as a multipole.

The mathematical model of a three-phase asynchronous machine in the form of a
12-pole machine, developed using the second-order AVIS method, is described in [26]. This
model is created by employing the universal equation of the AVIS method for an electrical
branch containing resistance R and inductance L [21]:

dtk m+1

m—1 k ke
RAt m—k \ d*i R . . 1
U —ugp —uco — ) ( ) 0 +< >(10—11)+At(‘{’0—‘1’1) -0, ©)

S\ (k+1)! m+1
where i, i; are the branch current values at the beginning and the end of the integration

step; m is the order of the polynomial that describes the current curve in the integration
to+At
step (order of the method); U = é /' udtis the average of the integration step values of
to
the branch voltage; ugy is the voltage on the resistance at the beginning of the integration
step; o, Py are the flux linkages at the beginning and the end of the integration step; and

At is the integration step value.
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Similar to [26], the vector equation for the stator and rotor windings of 6PSIM as a
multipole is written as follows:

to+At to+At

- —
1 — 1 — . R .
a ) vidt—x [ vodt—Repmv iepmvo + M i gpivio—
to to (10)
g — — —
Repivt At digpivo _ Repiv 3 1 _
— —ee M0 — Z6EM i opivit — A (Wepmvin — Wepivo) = 0,

— T —

where V1 = (Va1, VB1, VC1, VX1, VY1, VZ1, Val, Vb1, Vel ), V2 = (VA2, VB2, VC2, VX2, VY2, VZ2, Va2,
—

Vb2, \/Cg)T are the vectors of the external poles’ potentials; i ¢pmvo = (ia0, B0, ico, ixo, ivo, izo,

1a0,1p0,1c0) ", 1epmva = (ia1,1B1,1c1, ix1,1v1, 121, 1a1,Ip1,1c1) " are the vectors of stator and ro-
tor currents at the beginning and the end of the integration step; Reppv = diag(Ra, Rp, Re,
—

Rx, Ry, Rz, Ra, Ry, Re) is the matrix of stator and rotor winding resistance; and ¥gppvio =

N
(b0, WBo, Yo, xo, Wyo, W20, Va0 Woo, beo) T Fervr = (War, War, Wt bxi byt Wzi, bar,
Pp1, ¥y )T are the vectors of stator and rotor winding flux linkages at the beginning and
end of the integration step.

The vectors of stator and rotor winding flux linkages at the beginning and end of the
integration step are written as follows:

- - - -
Pepmvo = Lepmvo 1 6pmvio, Wepiv1 = Lepivi 1 6pivit, (11)

where Lgpnvio, Lepmvin are the vectors of inductances at the beginning and end of the
integration step.

The values of inductances Lgpmvo, Lepmvi depend on the rotor’s angular position, v,
and phase displacement, «, between the stator set of 6PSIM three-phase windings. The
rotor’s angular position vy is changed in the integration step and determined according to
the following equation:

dy

where w is the angular rotation speed of the rotor, and p is the number of pole pairs.
The equation for the 6PSIM model as a multipole is as follows:

to+At
- 1 — =
v+ Givigg / Vivdt + Cry = 0, (13)
to
> —? — v
where ipy = | — 6PIML | s the vector of the external branch’s currents; VePIM = 2 is the
1 6PIM1 V2
Ryt —Ryt
vector of the poles’ potentials; and the matrices of coefficients are Gpy = [ l%\él R_Hlv[} ,
Vi ™M

— e
_R-1( (2Repmv __ Lepmvo ) ; RepviAt d i gpivo
Rim (( 3 At ) LePvo + =g dt

R — Repiv Lepivm C —
63 : t 1 P -1 2Ry L, R Atdi

™M A . i
RI ( PIM 6PIMO> i 6pivo 6PIM 6P]_M0)

3 At 6 dt
The equation for the rotation speed is written as follows:

dw _Te_TL

where Tk is the electromagnetic torque of 6PSIM; Ty, is the load torque; and ] is the inertia.
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The electromagnetic torque is determined from the equation based on the currents of
the stator and rotor windings in the &3 reference frame:

3 .. ..
Te = Eme(lrﬁlsoc - lroclsﬁ)/ (15)

where the stator and rotor winding currents in the a reference frame, isq, isg, ira, irp, are
determined from the known coordinate transformation equations, taking into account the
angles between the windings.

The matrix of 6PSIM’s inductances is written as follows:

lesl lesZ ler

Leev(v) = |Lh Les2 Lex|, (16)
L, LD Ly

where the matrix of self and mutual inductances for stator (indexes s1 and s2) and rotor
windings (index r) are as follows:

2Lm/3+Lot  —Lm/3 —Lm/3
Ls1s1 = Loos2 = —Lm/3 2Lm/3+ Lot —Lm/3 ’
—Lm/3 —Lm/3 2Lm/3+Ln a7)
2Lm/3+Loa  —Lm/3 “Ln/3
L, = —Ln/3 2L /3 4+ Lo —Ln/3
_Lm/3 _Lm/3 2Lm/3 + LO‘Z

The matrix of mutual inductances between the stator windings is as follows:

Lmcos(a)  Lmcos(ax+p) Lmcos(ox—p)
Lsisp = = |Lm cos(oc — p) Ly cos() Ly cos(ax+p) |, (18)
Lmcos(x+p) Lmcos(ax—p)  Lycos(ex)

The matrix of mutual inductances between the stator and rotor windings is as follows:

Lmcos(y —a)  Lmcos(y —a+p) Lmcos(y—a—p)
Lor =3 [Lmcos(y —ax—p)  Lmcos(y —«)  Lmcos(y —a+p)|,

Lmcos(y —a+p) Lmcos(y —a—p)  Lmycos(y—«x) 19)
Lmcos(y)  Lmcos(y+p) Lmcos(y—p)
Ly, = % Lm cos(y — p) L cos(y) Lmcos(y+0p)|-
Lmcos(y+p) Lmcos(y—p)  Lmcos(y)

To take into account the spatial harmonics that cause the pulsation of the magnetiz-
ing force amplitude, as proposed in [13], we introduce harmonic components into the
magnetizing inductance:

Lm = Lmo + }_ Lmacos(dwt)d = 2,4,6,8,10,12, (20)
d

where Ly is the magnitude of the zero harmonic, and L4 is the magnitude of the even
harmonic presenting in the composition of the magnetizing force module (described in
Section 2).

The calculation scheme for the electromechanical system with the 6PSIM is shown
in Figure 3. It consists of an 18-pole structure representing the 6PSIM model and six-pole
models for the PN1 and PN2 power sources. The three-phase voltages of the PN1 and PN2
power source are phase-shifted by an electrical angle of 60 electrical degrees. Constructing
the models in the form of multipole structures allows for the implementation of different
supply schemes. Figure 3 illustrates a scheme with an isolated neutral for the power sources
PN1 and PN2.
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Figure 3. The calculation scheme for the system with the 6PSIM.

The vector equation for the power source model as a multipole (according to AVIS
method) is as follows:

to+At
- 1 — =
1pN + GPNKt / vpndt+ Cpny =0, (21)
— 0 P

where i py is the vector of the external branch’s currents of the power source; vpy is the

, . , Ry —Rpy
vector of the poles’ potentials, and the coefficients” matrices are Gpy = | ~ PN, N,

_RPN RPN

—1 Ryp _ Lap |7 R3pAt d?PNO

B Le 2 —Rpy 3~ At ) 1PNot T a ,

Rpy = 55+ 36, Cem = - Vo > i Rap = diag
R=1( (2R _ Lsp ), + RapAtdipng
PN 3 At PNO 6 dt

(Rpa, Rpp, Rpc) is the matrix of power source resistance; and Lsp is the matrix of
power source inductances.

The algorithm of mathematical modeling, which involves determining the potentials of
independent system nodes (v; ... vg) based on the coefficients of the equations for element
multipoles in the form (13), (21) and determining the currents based on the potentials of
the system nodes, is described in [21,26].

4. Experimental Test Bench

The authors designed the prototype of the 6PSIM with the following parameters: a
nominal power of 1.5 kW, voltage 400 V and a synchronous speed of 3000 rpm. Additionally,
for the experimental study using the asymmetrical and fault mode of the 6PSIM, the authors
developed an experimental test bench (Figure 4). The test bench includes the 6PSIM; power
transformers PT1 and PT2, which supply the 6PSIM stator windings; and a permanent
magnet synchronous generator with an electrical DC load (Figure 5). The three-phase
voltages of the PT1 and PT2 secondary windings are shifted by 60 electrical degrees. The
winding scheme of the 6PSIM is given in Figure 6.
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Figure 4. The experimental test bench with the 6PSIM.

400/400 Dyl

Auto-
transformer

U1,U2,U3 Torque-
meter and

encoder

DC load

e e R, e
\.?//’o’\\’:"//’o’\\.?//’o’\\?{/’o’\\%?//’”\\?*’//' =
= >
21/3
/3
fPhA L ﬁph X L fPhB L fPhY L ﬂphc L fphz L

Figure 6. The winding scheme of the symmetrical 6PSIM.

5. Research Results

The objective of the research was to determine the influence of spatial harmonics on
the currents and electromagnetic torque of a 6PSIM in asymmetric mode and in the open-
phase mode under sinusoidal power supply. The research was carried out by computer
simulation using the developed mathematical model, as well as by physical experiment
on the developed experimental test bench (it should be noted that it was impossible to
investigate the shape of the electromagnetic torque via a physical experiment) The results
of the simulation and physical experiment were compared to evaluate the adequacy of the
developed model.

The model uses the following parameters of the 6PSIM replacement scheme (corre-
sponding to the parameters of the designed prototype): leakage inductances of the stator
and rotor windings (rotor circuit parameters are referred to as the stator) Ly1 = 0.06 H and
L' 52 = 0.05 H, magnetization inductance Ly,o = 0.75 H, and resistances of the stator and
rotor windings R; = 8.0 Ohm and R’; = 6.0 Ohm.
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5.1. Asymmetric Mode

Figure 7 shows the stator currents of the 6PSIM in the asymmetrical mode, in which
the amplitudes of the phase currents are not identical. The harmonic composition of the
currents for this mode is given in Table 1 (harmonics with a content of less than 0.3% are
omitted). Due to the sinusoidal nature of the supply voltage, current distortion occurs
as a result of the influence of spatial harmonics. The presence of the third and ninth
harmonics is a characteristic feature of the asymmetric operation mode. The simulation
results closely resemble the qualitative composition of the currents obtained experimentally.
The discrepancies can be attributed to the challenges in accurately identifying the actual
winding parameters.

3 —

(k7 Qv K NEN
SRRl
Vo"‘o‘o‘!“‘o‘t‘o‘

]
[

\ ‘ \ ‘ | | '
4.12 4.14 ) 4.16 4.18
Time (s)

(b)
— ia, iB, —ic, — ix, — iy, — iz

Figure 7. The stator current of the 6PSIM in asymmetric mode for nominal load: experimental results
(a) and simulation results (b).

Table 1. Harmonic spectrum of the stator current for the nominal load of the 6PSIM in asymmetric mode.

Stator Current Harmonic Magnitude, %

Harmonic i i
Harmonic Order Simulation Results

Frequency, Hz Experimental - - - -
Results without Spatial with Spatial
Harmonics Harmonics
50 1 100 100 100
150 3 0.81 0.05 1.73
250 5 2.70 0.03 1.81
350 7 3.17 0.02 1.38
450 9 0.39 0.01 0.31
550 11 0.48 0.01 0.58
650 13 0.74 0.01 0.47
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Figures 8 and 9 show the results of calculating the electromagnetic torque of 6PSIM for
an asymmetric operation mode with and without taking into consideration the influence of
spatial harmonics and for different loads. The harmonic composition of the electromagnetic
torque is shown in Table 2 (harmonics with a content of less than 0.3% are omitted).
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Figure 8. The electromagnetic torque of the 6PSIM in asymmetric mode for the nominal load
(simulation results): 1—taking into account spatial harmonics, 2—without taking into account
spatial harmonics.
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Figure 9. The electromagnetic torque of the 6PSIM in asymmetric mode for a 10% load (simulation
results): 1—taking into account spatial harmonics, 2—without taking into account spatial harmonics.

Table 2. Harmonic spectrum of electromagnetic torque of the 6PSIM in asymmetric mode.

Harmonic Magnitude of the Electromagnetic Torque, %

Simulation Simulation
H icF y . 1 s
armonie rrequency Harmonic Order without SRatlal with Spatial Harmonics
Hz Harmonics
Nominal o Nominal o
Load 10% Load Load 10% Load
0 DC 100 100 100 100
100 2 3.53 22.17 4.6 27.6
200 4 0.03 0.08 0.49 9.18
300 6 0.02 0.02 1.38 12.64
400 8 0.01 0.02 0.35 3.25
500 10 0.01 0.02 0.15 3.7
600 12 0.01 0.01 0.85 4.25
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The presented results enable the estimation of the influence of spatial harmonics on
the shape of the electromagnetic torque. The shape of the electromagnetic torque is primar-
ily determined by the second harmonic, which arises from the presence of the negative
sequence field component in the asymmetric mode. However, the spatial harmonics, partic-
ularly the third harmonic, have a significant impact on the torque shape. It is worth noting
the increase in the instantaneous values of the electromagnetic torque due to the influence
of spatial harmonics in the asymmetric mode, as illustrated in Figures 8 and 9.

Table 3 presents the calculated total harmonic distortion (THD) values for the stator
currents and electromagnetic torque of the 6PSIM across various load values. The results
indicate that a decrease in load results in an increase in the presence of higher harmonics
and a deterioration in the shape of currents and torque.

Table 3. THD of the stator current and the electromagnetic torque of the 6PSIM in asymmetric mode.

THD, %
Simulation Results
Experimental -
Results Stator Current Electromagnetic
Torque
Stator Current Without Sl?atlal With Spa'tlal Without Sl?atlal With Spa.tlal
Harmonics Harmonics Harmonics Harmonics
for 10% load
7.05 0.54 6.28 22.18 32.62
for nominal load
4.58 0.32 3.99 3.54 491

The developed mathematical model possesses the distinctive feature of accounting
for the influence of spatial harmonics in transient calculations. This sets it apart from
models based on the finite element method (FEM), which, while offering higher modeling
accuracy through field calculations, are often too computationally intensive and unsuitable
for transient studies, particularly in complex systems. Figures 10 and 11 depict the transient
process of the electromagnetic torque and the changes in angular speed in the case of
load reduction.

6 —

Electromagnetic torque (Nm)

0 T T T T T |
42 43 44
Time (s)

Figure 10. The electromagnetic torque of the 6PSIM in transient asymmetric mode with changing
loads (simulation results): 1—taking into consideration spatial harmonics, 2—without taking into
consideration spatial harmonics.

5.2. Open-Phase Mode

Figures 12-16 present the research results for the steady-state and transient open-
phase failure mode (when phase A is missing) in one power supply channel of a two-
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channel 6PSIM. This is an emergency mode (although the advantage of multi-channel
electric machines is that they can operate for a certain time in such modes with certain
deterioration of characteristics). The schematic diagram of the two-channel 6PSIM is shown
in Figure 3. An important characteristic of the utilized two-channel 6PSIM power supply
scheme with galvanically separated channels is the alteration in the phase shift of the
operating phase currents when one phase is lost (Figure 11). The comparison between the
simulation and experimental results confirms the suitability of the developed model for
analyzing transients caused by phase breaks. Figure 13 demonstrates that the calculated

shape of the 6PSIM stator current closely resembles the actual current obtained from the
experimental prototype.

312

297.68

Rotation speed (rad/sec)

Figure 11. The rotation speed of the 6PSIM in transient asymmetric mode with changing loads
(simulation results).

Stator current (A)

Stator current (A)

Time (s)
(b)

— 1a, iB, —ic, — ix, — 1y, — iz

Figure 12. The stator current of the 6PSIM in the open-phase fault mode (when phase A is missing)
under pre-fault and fault circumstances: experimental results (a) and simulation results (b).
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Figure 13. The stator current of the 6PSIM in the open-phase fault mode (when phase A is missing)
under fault and post-fault circumstances: experimental results (a) and simulation results (b).

Stator current (A)

3.45 3.46 3.47 3.48

Time (s)

Figure 14. The stator current of the 6PSIM in the open-phase fault mode (when phase A is missing):
experimental results (1); simulation results taking into account spatial harmonics (2) and without
taking into account spatial harmonics (3).
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Figure 15. Simulation results of the rotor currents (a) and electromagnetic torque in a transient state (b).
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Figure 16. The electromagnetic torque of the 6PSIM in the open-phase fault (when phase A is missing)
mode, taking into account spatial harmonics (blue curve 1) and without taking into account spatial
harmonics (black curve 2).

In the steady-state symmetrical mode (before the phase break), the 6PSIM currents
and electromagnetic torque are also distorted due to the influence of spatial harmonics
and contain higher harmonics that are characteristic of the symmetrical operation mode.
Specifically, the stator currents exhibit the 5th, 7th, 11th, and 13th harmonics, while the
rotor currents and electromagnetic torque exhibit the 6th and 12th harmonics. Notably,
the higher harmonics of the electromagnetic torque are also present in the rotor currents.
As is evident from Figures 12 and 15, Tables 4-6, when an open phase occurs in one
power supply channel, the distortions in the stator and rotor winding currents as well as
the electromagnetic torque of the 6PSIM (which is asymmetrically driven) significantly
increase. Additionally, harmonics of the asymmetric operation mode emerge in their
composition. Specifically, these are the 3rd and 9th harmonics in the stator currents, and
the 4th, 8th, and 10th harmonics in the electromagnetic torque.
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Table 4. Harmonic spectrum of the stator current of the 6PSIM for open-fault mode (when phase A is

missing) and 50% load.
Stator Current Harmonic Magnitude, %
Harmonic . Simulation Results
Frequency, Hz Harmonic Order Experimental 3 3 . .
Without Spatial With Spatial
Results 1 .
Harmonics Harmonics
50 1 100 100 100
150 3 15.12 0.0 9.56
250 5 6.85 0.0 5.24
350 7 2.33 0.0 2.52
450 9 0.47 0.0 1.48
550 11 0.66 0.0 1.11
650 13 0.57 0.0 0.69

Table 5. THD of the stator current and the electromagnetic torque of the 6PSIM for open-fault mode
(when phase A is missing) and 50% load.

THD, %
Simulation Results
Experimental Elect i
Results Stator Current ectromagnetic
Torque
Stator Current Without Sl?atlal With Spajﬂal Without SRatlal With Spa.tlal
Harmonics Harmonics Harmonics Harmonics
16.96 0 13.38 29.475 29.49

Table 6. Harmonic spectrum of electromagnetic torque of the 6PSIM for 50% load and open-fault
mode (when phase A is missing).

Harmonic Magnitude of the Electromagnetic
Torque, %

Harmonic Frequency,

Hz Harmonic Order Simulation Simulation
without Spatial with Spatial
Harmonics Harmonics
0 DC 100 100
100 2 29.47 28.47
200 4 0 6.21
300 6 0 421
400 8 0 2.26
500 10 0 1.28
600 12 0 0.8

The impact of spatial harmonics on the shape of the 6PSIM electromagnetic torque
in the open-phase mode is illustrated by the simulation results shown in Figure 16. The
predominant harmonic in the rotor currents and electromagnetic torque is the second
harmonic, which arises from the presence of a negative sequence field component in the
asymmetric mode and is unrelated to spatial harmonics. While spatial harmonics introduce
an additional distortion to the torque shape, their influence is not as significant compared
to the distortions resulting from considerable asymmetry in the power supply channel, as
indicated in Table 6.

6. Discussion

The presented results explain the influence of spatial harmonics on the currents and
electromagnetic torque of a symmetrical two-channel induction machine in normal and
emergency modes. It is worth noting that the influence of spatial harmonics depends on the
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magnitude of the asymmetry. Under the circumstances of significant asymmetry (for exam-
ple, in open-phase mode), the spatial harmonics” influence on the electromagnetic torque is
insignificant compared to the influence of time harmonics caused by the asymmetry. The
consequences of such influence in terms of increased losses, deterioration of operational
properties and characteristics of the induction drive, and control system improvement will
be the subject of further research.

7. Conclusions

Spatial harmonics in the distribution of winding turns in the spatial domain of a
six-phase induction machine cause the emergence of higher-order time harmonics in
the composition of MMF, currents, and electromagnetic torque under sinusoidal power
supply. In asymmetrical operating modes, in addition to the 5th, 7th, 11th, and 13th higher
harmonics found in symmetrical modes, harmonics in multiples of three are introduced
into the stator winding currents, with the 3rd and 9th harmonics exerting the greatest
influence. As for the composition of the electromagnetic torque in asymmetrical operating
modes, all even harmonics are present, in addition to the 6th and 12th harmonics that are
characteristic of symmetrical modes.

The second harmonic, caused by the negative sequence field component, has the most
significant influence on rotor currents and electromagnetic torque in asymmetric modes.
Nonetheless, the presence of spatial harmonics notably enhances the instantaneous values
(pulses) of the electromagnetic torque in asymmetric modes, with an increase of up to 25%
observed in the no-load mode. This effect is especially noticeable at low loads and low
rotational speeds.

In a two-channel (two-winding) induction machine, an asymmetry in one channel
results in higher-order current harmonics caused by spatial harmonics in all windings,
leading to increased power losses. The distortion factor (THD) depends on the magnitude
of the asymmetry and reaches its maximum values in the event of a open-phase failure.
Therefore, when analyzing the energy efficiency of electric drives utilizing highly tolerant
multichannel induction machines capable of operating in a long-term mode with a damaged
power supply, it is essential to consider the influence of spatial harmonics resulting from
the spatial distribution of winding turns and the time harmonics they generate.

The mathematical model of a two-channel six-phase induction machine, developed
using the AVIS method, enables the consideration of spatial harmonics in transient and
steady-state calculations while exhibiting high computational efficiency compared FEM-
based models. This model is appropriate for developing control methods and improving
existing control systems while taking into account the influence of spatial harmonics. The
adequacy of the developed model was verified by comparing the modeling results with the
results of physical experiments.
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