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Abstract: The analyses of the influence of spatial harmonics on the electromagnetic torque of the
multi-phase induction machine and reducing this influence are important tasks to ensure the high
efficiency of the induction machine. Designing the machine to consider the influence of spatial
harmonics is essential to ensure the desired mechanical and energy characteristics. In the case of
the sinusoidal winding supply of the induction machine, the magnetomotive force has high spatial
harmonics, which are caused by the machine-winding design. The interaction between the 5th, 7th,
11th and 13th spatial harmonics of the winding function and the first time-harmonic of the winding
supply causes the appearance of the 6th and 12th harmonics in the electromagnetic torque of the
machine. A prototype of the symmetrical six-phase induction machine and the experimental study
for the influence of spatial harmonics on the harmonic content of the stator currents in different
machine modes are given in this paper. The mathematical model of the six-phase induction machine
has been developed using the average voltages in integration step method. The introduction of the
harmonic components into the magnetization inductance in the mathematical model of the six-phase
induction machine for taking into account the spatial harmonics of the machine-winding function is
proposed in this paper. The adequacy of the mathematical model was confirmed by comparing the
simulation and experimental results. The harmonic content of the electromagnetic torque, which is
caused by spatial harmonic influence, is analyzed.

Keywords: multiphase induction machine; space harmonics; high harmonic content; method of
average voltages in integration step

1. Introduction

Multiphase machines play an important role in modern e-mobility due to different
advantages: increasing the efficiency and reducing the losses of induction machines [1,2]
and permanent magnet synchronous machines [3], decreasing the electromagnetic torque
pulsation [4,5], reducing the harmonic content DC link current when the machine is supply-
ing from the multi-leg inverter [6,7] and improving the system reliability [8]. Multiphase
machines are significantly more fault-tolerant than three-phase machines. There are differ-
ent fault-tolerance strategies for the operation of the five-phase machine [9] and six-phase
machine [10]. This active fault-tolerance control is very important for the development of
high-performance electric drives in electrical vehicles [11]. Reference [12] notes the fault tol-
erance of the multi-winding switched reluctance motor. The main idea of all fault-tolerance
strategies is that the multiphase machine can continue to work with a rotating field as long
as three phases are operated.

References [8,13] discuss the spatial harmonics of the IM magnetomotive force (MMF).
The design of IM stator windings does not provide perfectly sinusoidal MMF distribution
due to the presence of spatial harmonics. The shape of the magnetizing force in the air
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gap is close to rectangular and its composition includes harmonics from the series 6k ± 1
(k = 0, 1, 2, 3 . . . ). At the same time, according to the results of the analysis carried out
in [13] for IM and in [14] for synchronous machines, the 5th, 7th, 11th and 13th harmonics
are the most influential (the amplitude of the 17th harmonic is 7 times smaller than the 13th
and 64 times smaller than the first).

The shorter end-winding length in IM design can reduce the influence of spatial
harmonics. However, the spatial harmonics are not completely eliminated [15–17].

As shown in [18], reducing the influence of time and spatial harmonics on the electro-
magnetic torque (torque ripple minimization) is important for increasing the IM efficiency.
The spatial harmonic content caused by the IM winding design is analyzed in [19]. This
type of harmonic causes magnetic noise and vibration [20].

On the other hand, publications [21–23] note that higher spatial harmonics in machines
have a positive effect. In particular, rotor speed, mechanical defects such as rotor eccentricity,
damaged rotor rings and short circuits in windings can be determined based on the
information about the spatial harmonics of the machine.

There are two types of stator winding structure used for six-phase induction machines
(6PIMs): an asymmetrical stator winding structure with two three-phase windings spatially
shifted by 30 electrical degrees, and a symmetrical stator winding structure with two
three-phase windings spatially shifted by 60 electrical degrees. The advantage of the
asymmetrical 6PIM is the elimination of the 6th harmonic of electromagnetic torque, which
is caused by the interaction between the 5th and 7th spatial harmonics of the winding
function and the 1st harmonic of the stator current in the case of the sinusoidal supply
voltage [24]. The symmetrical 6PIM provides better opportunities from the perspective of
control influence forming [25–27].

The block diagram of the symmetrical 6PIM is shown in Figure 1. Two three-phase
windings with a spatial displacement of 60 electrical degrees (β = 60◦) are supplied from
power transformers PT1 and PT2. Three-phase voltages for the secondary windings of
power transformers PT1 and PT2 are shifted by 60 electrical degrees. This is achieved by
appropriately connecting the secondary windings of the power transformers.
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Figure 1. Symmetrical six-phase induction machine.

The harmonic composition of the magnetomotive force caused by the influence of the
spatial harmonics of machine windings is known. However, there is no sufficiently simple
analytical description for the higher harmonics of the 6PIM electromagnetic torque caused
by the interaction between the spatial harmonics of the machine windings and the time
harmonics of the supply current. An analytical description is very important to identify
ways to improve the electromechanical compatibility of the 6PIM with the load, particularly
in eliminating the corresponding harmonics of the electromagnetic torque. Therefore, one
of this paper’s tasks is to develop an analytical description of the appearance of the higher
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harmonics in the 6PIM electromagnetic torque caused by the interaction between the spatial
harmonics of the machine windings and the time harmonics of the stator current.

Mathematical models based on the finite element method (FEM) are usually used for the
analysis of the IM electromagnetic processes, taking into account spatial harmonics [28–30].
These models enable the analysis of the electromagnetic processes in steady-state modes of
the IM and have a low-speed response. There are FEM models of the IM that cooperate with
other simulation tools to take into account the space harmonics in the transient analysis [31].
The complexity of the mathematical description in field-oriented mathematical models
and low calculation performance prevent the use of such models for the study of transient
processes in multi-engine systems with semiconductor converters. In this regard, it is
necessary to create fast-action mathematical models that would take into consideration the
influence of spatial harmonics and enable the study of electromagnetic and electromechan-
ical transient and steady-state processes in multi-engine complexes with semiconductor
converters. This is the second task of the paper.

This paper presents an experimental study of the influence of the spatial harmonics of
the winding function on the harmonic content of symmetrical 6PIM currents, the devel-
opment of a 6PIM fast-action mathematical model that takes into account the influence of
spatial harmonics, and an analysis of the influence of spatial harmonics on the harmonic
content of the 6PIM electromagnetic torque.

The structure of this paper is as follows. An analytical description of the MMF and
electromagnetic torque of the symmetrical 6PIM, taking into account space harmonics, is
included in Section 2. Section 3 presents the mathematical model of the symmetrical 6PIM,
taking into account space harmonics. The experimental test bench with the prototype of the
symmetrical 6PIM is given in Section 4. Section 5 presents the experimental and simulation
results of the symmetrical 6PIM. The conclusions are finally summarized in Section 6.

2. An Analytical Description of the 6PIM MMF and Electromagnetic Torque Taking
into Account Spatial Harmonics

For an analytical description of the symmetrical 6PIM MMF, this section considers the
sinusoidal supply of the 6PIM.

It is known that MMF in the air gap of a three-phase winding ABC contains, in addition
to the first harmonic, higher harmonics, with the 5th, 7th, 11th and 13th harmonics having
the most influence [13,14]. Taking this into account, the expressions for the MMF of phases
A, B and C are written as follows:

FA = wAiA = [w1 cosη+ w5 cos 5η+ w7 cos 7η+ w11 cos 11η+ w13 cos 13η] Im1 cos(ωt),

FB = wBiB = [w1 cos(η− ρ) + w5 cos(5η− 5ρ) + w7 cos(7η− 7ρ) + w11 cos(11η− 11ρ) + w13 cos(13η− 13ρ)] Im1 cos(ωt− ρ),
FC = wCiC = [w1 cos(η+ ρ) + w5 cos(5η+ 5ρ) + w7 cos(7η+ 7ρ) + w11 cos(11η+ 11ρ) + w13 cos(13η+ 13ρ)] Im1 cos(ωt + ρ).

(1)

where wA, wB, and wC—distribution function of winding coils w(η); wi—magnitude of
the winding function’s harmonics (i = 1, 5, 7, 11, 13); η—spatial angle in electric degrees;
Im1—magnitude of the phase current; ω = 2πf—angular frequency of the current; and
ρ = 2π/3.

The MMF for the first three-phase winding ABC of the symmetrical 6PIM is determined:

FABC = FA + FB + FC,
FABC = 3

2 [w1Im1 cos(η−ωt) + w5Im1 cos(5η+ωt) + w7Im1 cos(7η−ωt) + w11Im1 cos(11η+ωt) + w13Im1 cos(13η−ωt)] .
(2)

Expression (2) is obtained taking into account the trigonometric transformations
described in [24].

The MMF for the second three-phase winding XYZ of the symmetrical 6PIM is deter-
mined according to the following expression:

FXYZ = 3
2 [w1Im1 cos(η−ωt + β− α) + w5Im1 cos(5η+ωt + 5β+ α) + w7Im1 cos(7η−ωt + 7β− α)+

w11Im1 cos(11η+ωt + 11β+ α) + w13Im1 cos(13η−ωt + 13β− α)]. (3)
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where β—the spatial displacement between the first three-phase winding ABC and the
second three-phase winding XYZ of the 6PIM in electrical degrees, and α—the phase shift
between the supply voltages of the 6PIM three-phase windings.

The resulting MMF in the air gap of the 6PIM is determined according to the following
expression:

F = FABC + FXYZ = 3
2 Im1w1 [cos(η−ωt) + cos(η−ωt +β−α)] + 3

2 Im1w5 [cos(5η+ωt) + cos(5η+ωt + 5β+α)]+

3
2 Im1w7 [cos(7η−ωt) + cos(7η−ωt + 7β−α)] + 3

2 Im1w11 [cos(11η+ωt) + cos(11η+ωt + 11β+α)]+ 3
2 Im1w13 [cos(13η−ωt) + cos(13η−ωt + 13β−α)].

(4)

Taking into account that spatial displacement between the winding ABC and the
winding XYZ of the symmetrical 6PIM is 60 electrical degrees (β = π

3 ) and the phase shift
between the supply voltages of the symmetrical 6PIM is 60 electrical degrees (α = π

3 ),
Expression (4) is written as:

F = 3 Im1w1 cos(η−ωt) + 3Im1w5 cos(5η+ωt) + 3Im1w7 cos(7η−ωt) + 3Im1w11 cos(11η+ωt) + 3Im1w13 cos(13η−ωt). (5)

The magnitude of the MMF of the symmetrical 6PIM is determined by substitution
η = ωt according to the following expression:

Fm = 3Im1w1 cos(0) + 3Im1(w5 + w7) cos(6ωt) + 3Im1(w11 + w13) cos(12ωt). (6)

The 5th and 7th spatial harmonics of the winding function lead to the appearance of the
6th time harmonic in the magnitude of the MMF and, accordingly, in the electromagnetic
torque of the symmetrical 6PIM according to Expression (6). Similarly, the 11th and 13th
spatial harmonics lead to the appearance of the 12th time harmonic in the magnitude of the
MMF and in the electromagnetic torque of the symmetrical 6PIM.

Note that the obtained expressions correspond to the sinusoidal supply of 6PIM
windings. In the case of the non-sinusoidal supply of 6PIM windings (using Voltage Source
Inverters), the expression for the MMF will contain additional components caused by the
influence of time harmonics on the winding supply. The interaction between the time
harmonics of the winding supply and the spatial harmonics of the winding function is
analytically analyzed in [24].

3. Mathematical Model Description of Symmetrical 6PIM Taking into Account
Spatial Harmonics

The mathematical model of the symmetrical 6PIM was developed using the average
voltages in integration step (AVIS) method. The main principles of the AVIS method
are given in [32,33]. A feature of this method is its high calculation performance and
numerical stability. It enables the creation of fast-response mathematical models, which
can work in real-time mode with the interaction of physical objects (hardware-in-the-loop
technology). Examples of such models for electrical drives with a three-phase IM are
presented in [34,35], and power systems with wind turbines are discussed in [36]. Ref-
erence [37] presents mathematical models of electrotechnical systems with synchronous
machines and technology for use in testing synchronous generator excitation systems.
The AVIS method is used for creating models of power systems with nonlinear ele-
ments [38]. The specified examples testify to the adequacy of the chosen method and
its efficiency for the modeling of electromagnetic and electromechanical processes in
electrotechnical systems.

The universal equation for an electrical branch, which contains active resistance R and
inductance L, is written according to the AVIS method [32]:

U− uR0 − uC0 −
m−1

∑
k=1

(
R∆tk

(k + 1)!
· m− k

m + 1

)
dki0
dtk +

(
R

m + 1

)
(i0 − i1) +

1
∆t

(ψ0 −ψ1) = 0 (7)

where i0—the branch current at the beginning of the integration step; m—the order of the
polynomial that describes the current curve in the integration step (order of the method);
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U = 1
∆t

t0+∆t∫
t0

udt—the average values in the integration step of the branch voltage; uR0—the

voltage on the active resistance at the beginning of the integration step;ψ0,ψ1—the flux linkages
at the beginning and at the end of the integration step; and ∆t—the integration step.

Applying Equation (7) of the 2nd order AVIS for the stator and rotor windings of the
IM, and taking into account that an increase in the flux linkages in the integration step is

determined as ∆
→
ψam = Lam1

→
i 1 − Lam0

→
i 0, the vector equation is written as:

→
U−R

→
i 0 +

(
R
3
+

Lam0

∆t

)→
i 0 −

R∆t
6

d
→
i 0

dt
−
(

R
3
+

Lam1

∆t

)→
i 1 = 0. (8)

where U = 1
∆t

t0+∆t∫
t0

uam(t)dt—the vector of the average voltages in the integration step;

uam = (uA, uB, uC, uX, uY, uZ, ua, ub, uc)
T = (uA, uB, uC, uX, uY, uZ, 0, 0, 0)T—the instanta-

neous voltages;
→
i 0 = (iA0, iB0, iC0, iX0, iY0, iZ0, ia0, ib0, ic0)

T,
→
i 1 = (iA1, iB1, iC1, iX1, iY1, iZ1, ia1, ib1, ic1)

T—the vector of currents at the beginning and
the end of the integration step; R = diag(RA, RB, RC, RX, RY, RZ, Ra, Rb, Rc)—the matrix of
active resistances; Lam0 = Lam(γR0), Lam0 = Lam(γR1)—the matrix of inductances at the
beginning and the end of the integration step; and γR0, γR1—rotation angle at the beginning
and the end of the step.

In order to determine the IM currents using the AVIS method of the 2nd order,
time derivatives of the currents are used. The following equation can be written to find
these derivatives:

→
U = R

→
i +

d
→
ψam

(→
i ,γR

)
dt

. (9)

Taking into account that the flux linkages in Expression (9) are functions of the currents
and rotation angle, the time derivatives of flux linkages are determined as:

d
→
ψam

(→
i ,γR

)
dt

=

∂
→
ψam

(→
i ,γR

)
∂
→
i

d
→
i

dt
+

∂
→
ψam

(→
i ,γR

)
∂γR

dγR
dt

= Lam
d
→
i

dt
+

∂Lam

∂γR

→
i apΩ =

→
ETR +

→
EROT. (10)

where p—the number of pole pairs; Ω—the rotation speed; and
→
ETR,

→
EROT—the electro-

motive force of transformation and electromotive force of the rotation (components of the
stator electromotive force).

According to Formulas (9) and (10), the expression for the derivatives of currents is:

d
→
i

dt
=

(→
U−R

→
i − ∂Lam

∂γR

→
i apΩ

)
L−1

am.

The expression for the rotation angle and rotation speed is written as:

dγR
dt = pΩ,

dΩ
dt = Te−TL

J .
(11)

where TL—the load torque; Te—the electromagnetic torque of 6PIM; and J—the inertia.
The equation for electromagnetic torque is written as:

Te =
3
2

pLm(irβisα − irαisβ). (12)
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where isα, isβ, irα, irβ—the stator and rotor winding currents in the αβ reference frame
determined by the following expressions:

isα = 2
3
[
iA cos(0) + iB cos(ρ) + iC cos(2ρ) + iX cos

(
−π3

)
+ iY cos

(
−π3 + ρ

)
+ iZ cos

(
−π3 + 2ρ

)]
,

isβ = 2
3
[
iA sin(0) + iB sin(ρ) + iC sin(2ρ) + iX sin

(
−π3

)
+ iY sin

(
−π3 + ρ

)
+ iZ sin

(
−π3 + 2ρ

)]
,

irα = 2
3 [ia cos(γR) + ib cos(γR − ρ) + ic cos(γR − 2ρ)],

irβ = 2
3 [ia sin(γR) + ib sin(γR − ρ) + ic sin(γR − 2ρ)].

(13)

The matrix of inductances for the 6PIM is written as:

Lam(γR) =

Ls1s1 Ls1s2 Ls1r
LT

s1s2 Ls2s2 Ls2r
LT

s1r LT
s2r

Lrr

, (14)

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

Ls1s1 = Ls2s2 =


2Lm/3 + Lσ1 −Lm/3 −Lm/3

−Lm/3 2Lm/3 + Lσ1 −Lm/3

−Lm/3 −Lm/3 2Lm/3 + Lσ1

, Lrr =


2Lm/3 + Lσ2 −Lm/3 −Lm/3

−Lm/3 2Lm/3 + Lσ2 −Lm/3

−Lm/3 −Lm/3 2Lm/3 + Lσ2

, (15)

the matrix of mutual inductances between the stator windings are:

Ls1s2 =
2
3

 Lm cos
(
π
3
)

Lm cos
(
π
3 + ρ

)
Lm cos

(
π
3 − ρ

)
Lm cos

(
π
3 − ρ

)
Lm cos

(
π
3
)

Lm cos
(
π
3 + ρ

)
Lm cos

(
π
3 + ρ

)
Lm cos

(
π
3 − ρ

)
Lm cos

(
π
3
)
, (16)

and the matrix of mutual inductances between the stator and rotor windings are:

Ls1r =
2
3


Lm cos(γR) Lm cos(γR + ρ) Lm cos(γR − ρ)

Lm cos(γR − ρ) Lm cos(γR) Lm cos(γR + ρ)

Lm cos(γR + ρ) Lm cos(γR − ρ) Lm cos(γR)

,

Ls2r =
2
3


Lm cos

(
γR − π

3

)
Lm cos

(
γR − π

3 + ρ
)

Lm cos
(
γR − π

3 − ρ
)

Lm cos
(
γR − π

3 − ρ
)

Lm cos
(
γR − π

3

)
Lm cos

(
γR − π

3 + ρ
)

Lm cos
(
γR − π

3 + ρ
)

Lm cos
(
γR − π

3 − ρ
)

Lm cos
(
γR − π

3

)
.

(17)

As was shown in Section 2, the presence of spatial harmonics leads to the appearance
of time-harmonic components in the magnitude of the MMF in the air gap according
to Expression (6). To take these harmonics to account, this paper proposes to define
the magnetizing inductance of the 6PIM by introducing the time-harmonic components
according to the following equation:

Lm = L0 + L6 cos(6ωt) + L12 cos(12ωt). (18)

where L0—the magnitude of the zero harmonic; L6—the magnitude of the 6th harmonic;
and L12—the magnitude of the 12th harmonic.

4. Experimental Test Bench

The prototype of the symmetrical 6PIM was created by the authors and has been
used to analyze the spatial harmonic influence and verify the adequacy of the developed
mathematical model. The scheme of the machine-winding distribution in the stator slots
is shown in Figure 2. The parameters of 6PIM are: nominal power—1.5 kW, synchronous
speed—3000 rpm.
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Figure 2. Winding scheme of the symmetrical 6PIM.

The experimental test bench is developed for the experimental study of the sym-
metrical 6PIM. The test bench consists of the prototype of the symmetrical 6PIM, power
transformers PT1 and PT2, which supply the stator windings of the machine, a permanent
magnet synchronous generator and an electrical DC load (Figure 3). The three-phase
voltages of the PT1 and PT2 secondary windings are shifted by 60 electrical degrees.
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5. Experimental and Simulation Results

For checking the adequacy of the developed mathematical model of the symmetri-
cal 6PIM, a comparison of the experimental results and the results of the mathematical
modeling of the stator currents for normal and fault modes is conducted. The normal
modes of the 6PIM are the 10% load (Figure 5) and the nominal load (Figure 6). The fault
mode of the 6PIM is the three-phase ABC open fault (Figure 7). In this case, the winding
supply voltage is purely sinusoidal. The 6PIM parameters used for the simulation are:
PN = 1.5 kW, UN = 400 V, IN = 1.43 A, n = 2812 rpm, TN = 5.04 Nm, Lσ1 = 0.06 H, L′σ2 = 0.01 H,
Lm = 1.3 H, R1 = 8.0 Ohm, R′2 = 4.0 Ohm, and J = 0.015 kg·m2.
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The non-sinusoidal shape of the stator current of the 6PIM in all specified modes in
the case of the sinusoidal winding supply voltage is explained by presence of the spatial
harmonics winding distribution (magnetic flux in the air gap) and, accordingly, the non-
sinusoidal stator electromotive force. In this case, the experimental and simulation results
show that the high harmonic content of the stator current depends on the machine load
(the load increase improves the current curve). The current curve is improved in the case of
illumination of the influence for the one three-phase winding.

A detailed comparison of the experimental results and the results of the calculation
using the developed mathematical model (Figure 8) shows the high coincidence of the
instantaneous values of the currents, which confirms the adequacy of the model and the
method used in terms of identifying the spatial harmonic influence on the electromagnetic
processes. The maximum deviation of the calculated values from the experimental values
occurs for the 10% machine load when the current distortions are at their maximum
(Figure 8a). However, this deviation is not greater than 10%, which is an acceptable result.
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Figure 8. Stator currents of 6PIM in the steady-state mode: (a)—for the 20% load, (b)—for the nominal
load, 1—the experimental result (red solid line), 2—the simulation result (black dashed line).

The deviation of the simulation and experimental results for the nominal load is
smaller, at 3% (Figure 8b). The maximum deviation of the simulation and experimental
results for the single winding mode (three-phase ABC open fault) is 8%.

The harmonical analysis for the stator current of the symmetrical 6PIM shows the
presence of the 5th, 7th and 11th, and 13th harmonics (higher harmonics can be neglected)
in the stator current in all modes (Figures 9 and 10), which are caused by the presence of
spatial harmonics in the winding function. The high harmonic magnitude depends on the
load. The magnitude of the 5th harmonic is 4.18 from the first (fundamental) harmonic for
the 10% machine load and 0.86% from the first harmonic for the nominal load (Figure 9).
The magnitude of the 5th harmonic is 1.18% from the first harmonic for the three-phase
ABC open fault (Figure 10).

Energies 2023, 16, x FOR PEER REVIEW 11 of 16 
 

 

  
(a) (b) 

Figure 9. High harmonic spectrum of the 6PIM stator current (a)—for the 10% load, (b)—for the 
nominal load. 

  
(a) (b) 

Figure 10. (a) Stator current of the 6PIM for the 50% load and the three-phase ABC open fault and 
(b) the high harmonic spectrum. 

The non-sinusoidal stator current causes the ripples of the 6PIM electromagnetic 
torque. The curve and harmonic analyses of the 6PIM electromagnetic torque for the de-
scribed modes are shown in Figures 11–13. 

The harmonical analyses for the electromagnetic torque of the symmetrical 6PIM 
shows the presence of the 6th and 12th harmonics in the electromagnetic torque that 
agrees with the analytical description in Section 2. It is of note that the magnitude of the 
6th harmonic is 19.16% from the zero harmonic for the 10% load mode (Figure 11) and 
2.25% from the zero harmonic for the nominal load (Figure 12). The magnitude of the 6th 
harmonic is 2.51% from the zero harmonic for the three-phase ABC open fault and 50% 
load (Figure 13). 

Figure 9. High harmonic spectrum of the 6PIM stator current (a)—for the 10% load, (b)—for the
nominal load.



Energies 2023, 16, 3813 11 of 16

Energies 2023, 16, x FOR PEER REVIEW 11 of 16 
 

 

  
(a) (b) 

Figure 9. High harmonic spectrum of the 6PIM stator current (a)—for the 10% load, (b)—for the 
nominal load. 

  
(a) (b) 

Figure 10. (a) Stator current of the 6PIM for the 50% load and the three-phase ABC open fault and 
(b) the high harmonic spectrum. 

The non-sinusoidal stator current causes the ripples of the 6PIM electromagnetic 
torque. The curve and harmonic analyses of the 6PIM electromagnetic torque for the de-
scribed modes are shown in Figures 11–13. 

The harmonical analyses for the electromagnetic torque of the symmetrical 6PIM 
shows the presence of the 6th and 12th harmonics in the electromagnetic torque that 
agrees with the analytical description in Section 2. It is of note that the magnitude of the 
6th harmonic is 19.16% from the zero harmonic for the 10% load mode (Figure 11) and 
2.25% from the zero harmonic for the nominal load (Figure 12). The magnitude of the 6th 
harmonic is 2.51% from the zero harmonic for the three-phase ABC open fault and 50% 
load (Figure 13). 

Figure 10. (a) Stator current of the 6PIM for the 50% load and the three-phase ABC open fault and
(b) the high harmonic spectrum.

The non-sinusoidal stator current causes the ripples of the 6PIM electromagnetic
torque. The curve and harmonic analyses of the 6PIM electromagnetic torque for the
described modes are shown in Figures 11–13.
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spectrum of the electromagnetic torque.

The harmonical analyses for the electromagnetic torque of the symmetrical 6PIM
shows the presence of the 6th and 12th harmonics in the electromagnetic torque that
agrees with the analytical description in Section 2. It is of note that the magnitude of the
6th harmonic is 19.16% from the zero harmonic for the 10% load mode (Figure 11) and
2.25% from the zero harmonic for the nominal load (Figure 12). The magnitude of the 6th
harmonic is 2.51% from the zero harmonic for the three-phase ABC open fault and 50%
load (Figure 13).
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The harmonic spectrum of the stator current and the electromagnetic torque for the
10% load mode of the symmetrical 6PIM is shown in Table 1.

The comparison results of the total harmonic distortion (THD) in the stator current
and the electromagnetic torque of the symmetrical 6PIM are shown in Table 2.

The simulation results for the start-up of the symmetrical 6PIM with nominal load
are shown in Figures 14 and 15. As in the case of the three-phase IM, there are significant
pulsations of the electromagnetic torque; their magnitude is four times greater than the
nominal value of the torque (Figure 14).
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Table 1. Harmonic spectrum of the stator current and the electromagnetic torque for 10% load mode
of the 6PIM (missing harmonics are not shown in the table).

Harmonic Order Stator Current
Harmonic Magnitude, %

Electromagnetic Torque
Harmonic Magnitude, %

0 0 100
1 100 0
5 4.17 0
6 0 19.18
7 2.98 0
11 0.96 0
12 0 4.92
13 0.81 0
17 0.02 0
18 0 0.12

Table 2. THD of the 6PIM stator current and electromagnetic torque.

Mode of 6PIM
THD,%

Stator Current Electromagnetic Toque

10% load mode 5.27 19.79
nominal load 1.08 2.47
50% load and

three open-phase ABC fault 1.13 2.77
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Figure 14. (a) Electromagnetic torque and (b) rotation speed of the 6PIM in the transient mode for
the nominal load.

The stator and rotor currents of the 6PIM are shown in Figure 11.
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Figure 15. (a) Stator currents and (b) rotor currents of the 6PIM in the transient mode for the nominal load.

6. Conclusions

The design of the IM does not allow the sinusoidal spatial distribution of the winding
coil to be provided. This distribution is described as the winding function, which contains
the first (fundamental) harmonic and the 5th, 7th, 11th and 13th harmonics. It is analytically
shown that the interaction between the 5th and 7th spatial harmonics of the winding
function of the symmetrical 6PIM and the 1st time harmonic of the winding supply leads
to the appearance of the 6th time harmonic in the magnitude of the MMF and in the
electromagnetic moment. Similarly, the interaction between the 11th and 13th spatial
harmonics of the winding function and the 1st time harmonic of the winding supply leads
to the appearance of the 12th time harmonic in the magnitude of the MMF and in the
electromagnetic moment.

The experimental study of the prototype of the symmetrical 6PIM shows the distortion
of the 6PIM currents in the case of the sinusoidal winding supply. This distortion is caused
by the influence of spatial harmonics. The analysis of the harmonic content has proven
the presence of the 5th, 7th, 11th and 13th harmonics in the stator current. The THD of the
stator current is increased in the case of a reduction in the IM load. The THD of the stator
current is reduced in the case of a three-phase ABC open fault.

The developed mathematical model for the electrical circuits of the symmetrical 6PIM
using the AVIS method is characterized by a high calculation speed and takes into account
the influence of the spatial harmonics by introducing the harmonic components into the
model parameters. The adequacy of the mathematical model was proven by the comparison
of the experimental and simulation results for the stator currents. The maximum deviation
of the instantaneous values for the experimental and simulation results is 10%.

The greatest influence of the spatial harmonics on the IM electromagnetic torque is
noticeable for small loads (for the investigated machine, THD = 19.79 by 10% load). This
requires the use of methods for compensate for the influence of spatial harmonics in 6PIM
due to the winding design and the winding supply scheme, which may be the subject of
further research.
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