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Abstract: The development in industrial systems leads to the augmentation in the con-
sumption of the power. Therefore, this development makes use of multiphase machines.
The use of multiphase machines caused several problems and defects. Electrical energy
is mainly distributed in a three-phase system to provide the electrical power necessary for
the electrical engineering equipment and materials. The sinusoidal aspect of the required
original voltage primarily preserves its essential qualities for transmitting useful power
to terminal equipment. When the voltage waveform is no longer sinusoidal, perturbations
are encountered, which generate malfunctions and overheating of the receivers and the
equipment connected to the same electrical supply network. The main disturbing phenom-
ena are harmonics, voltage fluctuations, voltage unbalances, electromagnetic fields, and
electrostatic discharges. This present work aims to study the effects of harmonic pollution
and voltage unbalance on the five-phase permanent magnet synchronous machine using
spectrum current analysis and wavelet transform.

Key words: fault detection, five-phase permanent magnet synchronous machine (FPPMSM),
harmonics, spectrum analysis, voltage unbalance

1. Introduction

Recently, the increasing use of power electronic devices in electrical systems has led to
enormous harmonic disturbances or distortions in electrical networks. This phenomenon affects
all industrial, tertiary, and domestic sectors using non-linear loads [1,2]. These non-linear loads,
on one hand, absorb non-sinusoidal currents, which circulate in the power lines and distort the grid
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voltage through the short-circuit impedance of the line. On the other hand, they consume reactive
power, which has the consequence of degrading the power factor. The harmonics generated are
permanent disturbances affecting the waveform of the voltage and current of the network. These
disturbances are superimposed on the fundamental wave. Therefore, the effect of the harmonics
is the modification of the voltage or current wave. The consequence is the degradation of the
power factor by the generation of alternating currents and voltages with frequencies different
from the fundamental. Current and voltage deformations naturally have harmful consequences on
electrical equipment, ranging from an intense heating or sudden stoppage of rotating machines
to the destruction of this equipment [3—6]. Several previous works have deeply studied the five-
phase permanent magnet synchronous machine and have shown their advantages over the regular
three-phase permanent magnet synchronous machine with different approaches [7-9].

In the literature, we find fewer studies on the effects of harmonics and voltage unbalance
on the behaviour of the five-phase synchronous machine compared to the three-phase machine,
which was studied using several methods and different approaches [10-13].

The authors in paper [10] present a study about the effects of voltage unbalance and harmonics
on a three-phase induction motor. The effects of the three-phase voltage un-balance and harmonic
under the condition of under voltage and overvoltage are investigated. In [11], the authors present
the effects of voltage unbalance and harmonic distortion on the torque and efficiency of a three-
phase induction motor. The behaviour of the torque and efficiency of a three-phase induction
motor with unbalanced voltages and harmonic distortions is investigated. Quispe and Lopez
present in [12] the effects of unbalanced voltages on the energy performance of three-phase
induction motors. They have presented positive sequence voltage’s influence on the line currents,
losses, efficiency, and power factor under different voltage unstable conditions. Paper [13] presents
an overview of multiphase energy conversion and introduces the relevant technology advances,
design of multiphase, multiphase converter topologies, modelling, and control of multiphase
generators.

In paper [14], the authors investigate the control of three-phase induction machine drives
during open-circuit faults. It is an overview of existing control methods for three-phase induction
machine drives during open-circuit faults. This paper uses the spectrum current analysis and
wavelet transform to study the effects of harmonic pollution and voltage unbalance on the five-
phase permanent magnet synchronous machine. Initially, the two phenomena of harmonics and
voltage unbalance were defined. Then, a model of the five-phase permanent magnet synchronous
machine (FPPMSM) using the coupled magnetic circuit method (CMCM) was developed, then
used to monitor the effects of harmonics and voltage imbalances on the efficiency of the FPPMSM
using the techniques of spectral analysis and then wavelet.

2. Methodology

2.1. The different modelling methods of electric machines
2.1.1. The finite element method (FEM)

In the numerical approach the finite element method is used for the resolution of elec-
tromagnetic field equations including the real properties of materials and complex geometric
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configurations. The discretization or the fine mesh of the field of study makes it possible to in-
crease the precision of the results. However, as the requirements of numerical modelling problems
evolve, some limitations of the finite element method become too restrictive. A large part of these
handicaps is linked to its strong dependence on the mesh and the relating to computer resources
(time and significant memory space).

2.1.2. The reluctance network method (RNM)

The reluctance network method (RNM) based on magnetic equivalent schemes has an inter-
mediate level of complexity between two methods, the CMCM and FEM. It offers the advantage
of describing more precisely the quantities of the system using a graphic representation of the
geometry of the machine, including local saturation phenomena (generated by the magnets on
the primary teeth). However, the very complex representation of energy exchanges in the air gap
remains a major obstacle to its use.

2.1.3. Coupled magnetic circuit method (CMCM)

In the modelling approach using the coupled magnetic circuit method (CMCM), the stator’s
windings are represented by an equivalent electrical circuit formed by inductance in series with
a resistance. The self and mutual inductances between the different stator phases are essential in
this modelling method because they contain the signature of the various phenomena that may
appear within the machine. These inductances can be calculated using the winding functions. This
type of modelling, therefore, allows space harmonics to be taken into account even if the CMCM
does not consider certain phenomena (saturation, skin effect, etc.). Thus, despite its weaknesses,
the CMCM approach offers better precision, calculation time, and adaptation to modelling most
faults of electromagnetic origin in electrical machines [15].

2.2. Modelling of FFPMSM by the use of CMCM
The modelling of a five-phase PMSM is as shown in Fig. 1.
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Fig. 1. Modeling of a five-phase PMSM
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2.2.1. Electrical equations
The electrical model of the five-phase machine (5 phases) in the stator abcde frame is as
follows:
d(pS
. abcde
vizbcde = szbcdelibcde + dt . (1)

s s 5 s o . .
Vi bede® Rabede Lubede anfi Pabcde indicate the magnitudes and electromagnetic parameters of
the five phases, expressed in matrix form:

S s S T
VZbcde = [Va ny Ve Vfi ve] > (2)
. .5 .5 s s 51T
lecde = [l‘a 1;7 e lij le ’ (3)
R0 0 0 0
0O R, 0 0 0
[szbcde] =0 0 Ri 0 0 > (4)
0 0 0 R, 0
0 0 0 0 R
Caveae = %0 @), ¢ vy ¢l 5)

2.2.2. Magnetic equations

©) pede Can be expressed by:

N

@5 = Lgif + Oma
90;, = Lsii + ©mb

@y = Lgi? + ome

@y = Lsi% + @ma
Qofz = Lvlé t Ome

(6)

The flows are proportional to the currents, and the proper and mutual inductances only depend
on the angular displacement (6, ):

QOZ = Laaiz + Mabii + Macif- + Mudii[ + Maeii + <Pma(er)
(,D‘I‘; = Lbbi‘; + Mbaiz + Mbciz + Mbdiz + Mbeiz + (,Dmb(er)
(,Di = Lccii + Mcaiiz + Mcbi;; + Mcdiz + Mcel.(s; + ‘;Dmc(gr) . (7N

(pfi = deifj + Mdaiz + Mdbl';; + Mdciz + Mdei; + (,Omd(er)

‘Pfe = Leeii + Meaiz + Mebiz + Mecii + Mediz + ‘Pme(gr)

0, is the angular position of the rotor; Lj is the stator inductance, it is defined by the following
matrix:
Lia Map Mae Maa Mg
Mpa  Lob  Mpe Mpa Mpe
[Ls] =|\Mca Mcep Lee Mea M|, 3
Maa Map Mac Laa Mae
Meq Mep Mee Meq  Lee
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with:

Lago =Lpp =Lec =Lga =Lee = L,
Mup =Mue =Mag =Mye =M.

The inductance matrix Ly becomes in the form below:

L M M M M
M L M M M

[Li=|M M L M M ©)
M M M L M
M M M M L

The matrix system which encompasses the electric equations and the magnetic equations is
as follows:

val] TRE 0 0o 0 o0]][4 L M M M M[a
v, 0 R 0 0 0]l M L M M M||j
ve[={0 0 R 0 Ol|ill+w, M M L M M|
v 0 0 0 R, O i "M M M L M i
s 0 0 0 0 RJ|s M M M M L
L M M M M [i% Oma(6r)
M L M M M, i Omb (0r)
MM LM M| i s Ome(0,)] . (10)
M M M L M lAd " ‘Pmd(er)
M- M M M L .iZ ‘Pme(er)

The flux produced by the permanent magnets ¢,,qpcde 1S related to the electrical angular
position 6, of the rotor.

The phase shift between the stator windings is —27/5 and the distribution of flux passing
through them is sinusoidal, ¢,,4pcqe can then be expressed as:

sin(6,)
in [0 2r
®Oma(0r) S\ Or = =7
©mb(6r) [0 4
mabcde(0r) = | @mc(0r) | = om S| Or = ENIE (11)
‘Pmd(er) . 0 6
(/’me(er) S\ Or = ?
. 8
sin (0, - ?)
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The variation in flux corresponding to the electromotive forces:

cos(6,)

Ccos ( -

d()Dmabcde(er) cos (6, —

dr

= PmWyr

%)
&)
)
7

where w, is the rotation speed.

2.2.3. Mechanical equations

The mechanical model can be described by the following two equations:

0Q
—Cr:J-a—tr+fv~a)r—Ce,
06r
0=- ——
Wy + FTik

12)

13)

The expression of the electromagnetic torque C, exerted on the rotor obtained from the stored

electromagnetic energy W,,, is given by the following relation:

d mabcde gr
Ce:p{[ercde]T [‘pdb—gj()]}.

2.2.4. State model of the FPPMSM
The following equation presents the state model of the FPPMSM:

—_— e
a R0 0 0 0 2z 0]l
Vb 0O R 0 0 0 2 of|%
Ve 0 0 R 0 0 Z3 Of|i
vil=l0o 0o 0 Ry 0 2z o
v 0 0 0 0 R Z O||p
_Cr ~Z1 =2y ~Z3 ~Zy =Zs fv 0|,
o] Lo 0o 0o 0o 0 1oy
L M M M M 0 0 [i&]
M L M M M 0 0 i
M M L M M 0O  |i
+|M M M LM 00—y
M M M M L 00 i
00 0 0 0 J O wr
o o o o o o 1] |#6]

(14)
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Z) = —pm - cOS () 61

2 =—p, - - =
Zy = =@y - COS (Hr - —ﬂ) Z4 $m = COS (0, 5 )

5 .
8n

4 Zs = —@pm - _
Z3=_¢m.cos(9,—?") 5 Ym cos(@, 5)

with:

3. Voltage unbalance and harmonic pollution

3.1. Voltage unbalance

In a balanced system, the voltage phase should be equal or nearly equal. A voltage unbalance
is the measure of the voltage differences between different phases of the system.

A system is unbalanced or asymmetrical if the voltages and currents do not have the same
amplitude and/or are not out of phase. The different cases of voltage unbalance supply are: under
voltage, overvoltage, phase shift [16] (Fig. 2).

15l Phase (a)
' Phase (b}
1p Phase (c)
= - Phase (d)
“g:‘j : — F’\hasg (e)
— £ i i .‘-. '
£ o TR T
> kA
0.5+ o 3 \ /
/ T
4
A e
A5 i . I i i
0 0.01 0.02 0.03 0.04 0.05 0.06

Time [S]

Fig. 2. Unbalanced voltages (phase (c) affected by an overvoltage of 10%, phase (b) and (c)
affected by an undervoltage of 10%)

3.2. Harmonic pollution

So-called non-linear loads produce the most current harmonics. The most common of these
loads are variable frequency drives (VFDs) associated with rotating machines of power elec-
tronic components. There are also types of equipment such as computers, servers, and other
electronic devices, lighting with electronic loads with or without dimmers, soldering stations, and
uninterruptible power supplies (UPSs), more commonly referred to as inverters [16].

The harmonic currents produced by these non-linear loads flow in the supply and the distri-
bution networks. The impact of these harmonic currents on the impedance of these distribution
networks (generally the inductive type) leads to a deformation of the sinusoidal voltage. This
phenomenon is called voltage distortion.

The influence of these harmonic currents on the basic sinusoidal shape is shown in the
following figure (Fig. 3). The resulting “distorted wave” signal in Fig. 4(b) is, in fact, the sum of
the fundamental in Fig. 4(a) and the harmonic wave of the order “n” in Fig. 4(c).
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Fig. 3. Degradation of the network voltage by a non-linear load
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Fig. 4. The influence of harmonics on the sinisuidal shape of the signal: (a) source signal without pollution;
(b) polluted signal; (c) 34, 57, 7', 9" hamonic generated by non-linear loads

4. Results and discussion

From the set-up state model of the FFPMSM, the machine will be reproduced using MATLAB.
Therefore, this permits us to describe the behaviour of the device by picturing diagrams of various
quantities. The differential equations have resulted in the Runge-Kutta-4 method, a technique for
approximating differential equation solutions. This technique depends on the principle of iteration.
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4.1. Results of the model without defects in the (abcde) reference

Here, the results obtained by the model simulation without defects in the (abcde) reference
are given in Fig. 5.

20 T T T T T
Phase as
15?' Phase bs | |
< 1ol Phase cs | |
iy Il"\ Phase ds
5 511.\‘ Phasees| |
2 ol [ R R R R X P ISR
a |
n P 7
=10 -
15 I I I I I
0.05 0.1 0.15 0.2 0.25 0.3
Time [s]
(a)
1200 T T T T T
1000 | f!/ ey \ /"x-—
p;
= 800F] 8
E |
h=] EUD-l =
o |
@
% a00] :
|
2004 .
|
DI 1 1 1 1 1
] 0.05 01 0.15 0.2 0.25 0.3
Time [s]
(b)
5 T T T T T
= |
E |
2 4] 1
2l
g ol ]
A
o
g2 7
g “ N
o 4 | | \\u"_ =
S [|fm !
A . . . . .
0 0.05 01 0.15 0.2 0.25 0.3
Time [s]
(©

Fig. 5. The non-faulty model, (a): stator currents, (b): rotation speed, (c): electromagnetic torque

Figures 5(a), 5(b), 5(c), respectively represent the stator currents, rotation speed, electromag-
netic torque of a five-phase permanent magnet synchronous machine in healthy mode as a function
of time. At the instant # = 0.16 s a resistive load was applied to the machine.



www.czasopisma.pan.pl P N www.journals.pan.pl

IS

POLSKA AKADEMIA NAUK

480 Ahmed Amine Kebir, Mouloud Ayad, Saoudi Kamel Arch. Elect. Eng.

Figure 5(a) we notice a disturbance in the stator currents when the load was applied to the
machine, Fig. 5(b) we notice a disturbance in the rotation speed when the load was applied to the
machine, in Fig. 5(c) we notice that the electromagnetic torque increases and becomes unstable

over a short period of time.

4.2. Behaviour of the model under unbalanced voltages in the (abcde) reference

Figure 6 shows that the voltage imbalance generates significant increases in the current of
phases b and d when it occurs at # = 0.24 s, with current augmentation when the resistive load is
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Fig. 6
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(d

Fig. 6. The stator currents under unbalanced voltages: (a) 2.5% voltage drop in phase (a, b); (b) 5% voltage
drop in phase (a, b); (c) 7.5% voltage drop in phase (a, b); (d) 10% voltage drop in phase (a, b)

applied at # = 0.16 s. The growth in current amplitude is greater the higher the voltage imbalance
percentage is.
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Fig. 7. The speed under unbalanced voltages (phase (b) and (d) affected
with 2.5%, 5%, 7.5%, 10% drop in voltage)

Figures 8 and 10 show that the voltage unbalance generates also significant increases in rotation
speed and torque of phases (b) and (d) when it occurs at ¢ = 0.24 s. The growth in rotation speed
and electromagnetic torque is greater the higher the voltage imbalance percentage is.

The unbalance voltage is caused primarily by loads that vary in current inrush quickly
and continuously. The best-known examples are welding machines and especially arc furnaces.
Variations in the unbalance voltage value can have undesirable effects on the torque and speed of
rotating machinery, like the heating of rotating machines due to reverse torques (Fig. 11).
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Fig. 9. The electromagnetic torque under unbalanced voltages (phase (b) and (d) affected

Fig. 10. Zoom of the electromagnetic torque under unbalanced voltages (phase (b) and (d) affected

with 2.5%, 5%, 7.5%, 10% drop in voltage)
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4.3. Behaviour of the model under harmonic pollution in the (abcde) reference

It is noted that permanent oscillations and distortions appears in the current, rotation speed,
and torque of the machine when applying the maximum percentage of harmonic allowed by the
IEC 61000-2-2 standard, H3 = 5%, H5 = 6%, H7 = 5% and H9 = 1.5% of voltage RMS at
t=0.23s.
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The presence of harmonics causes vibrations and noise in electromagnetic devices. Due to
rotating harmonic fields, parasitic mechanical torques give vibrations in rotating machines. The
harmonics also increase iron losses (eddy current losses) and cause aging of insulators and
therefore increase the current leakage or even excessive heating in the conductors.

4.4. Spectrum analysis of the stator currents

Based on fast Fourier transform (FFT), the spectral analysis of the stator current was used to
extract the fault-relevant signal characteristics.

A stator current spectral analysis using the fast Fourier transform (FFT) was performed to
extract the fault-relevant signal characteristics.

The spectral analysis visualized in Fig. 12(b) shows the presence of the harmonic segment
of rank three identified with current twisting brought by the unbalanced voltage, as well as the
presence of the segment part of ranks 3, 5, 7, and 9, in Fig. 12(c) was contained in the polluted
voltage source.
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Fig. 12. Spectral analysis of stator currents: (a) without faults; (b) unbalanced voltages; (c) harmonic voltages

4.5. Wavelet analysis of the stator currents

The wavelet analysis is applied to the stator current to investigate and distinguish the voltage
unbalance and the voltage harmonic pollution.

Figures 13, 14, and 15 show the wavelet analysis of the stator current in three cases, first
the healthy, then with unbalanced voltages, and finally with harmonics. Detail levels of high-
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Fig. 14. Investigation of the stator current with wavelet (case of unbalanced voltages)
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Fig. 15. Investigation of the stator current with wavelet (case of harmonic voltages)

frequency bands show no information about the original signal. But, in the low-frequency bands
(d4, d5, and d6), the voltage unbalances and harmonic pollution are much more relevant because
the bands cover the frequencies corresponding to the fundamental, the voltage unbalances the
voltage harmonic pollution.

5. Conclusion

Electrical perturbations such as harmonics and voltage unbalance can occur in the electrical
network. However, these perturbations should not be taken as a disaster. The impact of harmonic
pollution and voltage unbalance on motors can be heavy. The insulation of the motor windings
can deteriorate, which can lead to early and costly motor failure and unplanned downtime and
energy losses in the conductors, additional Joule losses, as well as oversizing of equipment and
the electrical components. The Fourier transform was for a long time one of the most used
tools for signal processing. This representation, based on the physical notion of frequency, is
well suited to processing stationary signals, that is to say signals which have certain properties
that are time invariant. The main limitation of the Fourier transform is that it does not allow
a local description (over a finite part) of a signal. To remedy these limitations, the so-called time-
frequency, representations have been proposed such as the wavelet in order to analyse a signal
using a transformation parameterized by two variables: time (or position) and frequency (or



N

www.czasopisma.pan.pl m www journals.pan.pl

Vol. 71 (2022) Effects of harmonics and voltage unbalance 487

ladder). The goal of the work was to study the electrical perturbations and identify them, then
apply them and identify their effects on the behaviour of the FPPMSM. To achieve this goal,
a state model of the FPPMS was created and solved in MATLAB using the Rang-Kutta method;
finally, a spectral analysis (FFT) and a wavelet analysis of stator current were carried out.

Appendix

Table 1. FPPMSM Data

Parameter name Symbol Value Unit
Stator Inductance Lg 0.0032 H
Stator Resistance R 1.4

Mutual M —-0.00013

Rated Speed W, 1000 rpm
Polepair P 3

Magnetic flux 17 0.3 Wb
Inertia J 0.00065 kg-m?
Frequency F 50 Hz
Voltage % 33 v
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