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Abstract. The effect of unbalanced magnetic force and
torque ripple of on the output performance of a double
stator switched-flux permanent magnet machine would
be investigated and compared, with particular reference
to the machine’s varying rotor pole number. The finite
element analysis (FEA) predicted machine parameters
are: unbalanced magnetic force (UMF), total harmonic
distortion (THD), torque ripple (Tr), cogging torque
and static torque. The considered machine types hav-
ing 10-, 11-, 13- and 14-rotor pole numbers are desig-
nated as: 6S/10P, 6S/11P, 65/13P and 6S/14P, re-
spectively; 6S represents siz (6) stator slot or teeth
number. It is revealed that the machine types that have
odd number of rotor poles would have lower machine
output characteristics such as: low cogging torque, low
torque ripple and low total harmonic distortion of the
voltage, compared to the ones that have even number of
rotor poles; though, with higher amount of unbalanced
magnetic force on the rotor. Further, the sensitivity
of the machine’s output performances due to electric
loadings is higher than its corresponding response as
a result of machine’s varying rotational speed. More
so, the machine types having odd number of rotor poles
would have higher air gap flux density magnitudes; and
would also exhibit better average torque per magnet us-
age, which is desirable for reduced cost implications.
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1. Introduction

Output characteristics such as: unbalanced magnetic
force (UMF), total harmonic distortion (THD), cog-
ging torque, torque ripple (Tr) or torque pulsations,
etc. of an electrical machine are inimical to good elec-
tromagnetic performance of the machine. Hence, the
magnitudes of these machine output characteristics are
numerically estimated in this study, using finite el-
ement analysis (FEA) procedure; in order to evalu-
ate its overall impact on the machine output perfor-
mance(s) and proffer prospects for its consequent re-
ductions through further researches.

The winding factor geometric level of an electric ma-
chine which invariably gives rise to its electromotive
force and electromagnetic torque amplitudes are func-
tions of pole numbers and winding configurations [IJ.
Hence, to a large extent the output performance(s) of a
given electric machine would depend upon its number
of rotor poles, and thus the resulting winding factors.
It is noted that undesirable machine parameters such
as torque pulsations, UMF, noise, vibration and re-
duced machine efficiency are larger in machines that
are equipped with single-tooth winding plan compared
to the ones that have distributed windings; though,
with reduced cost effect. Nevertheless, the single-
tooth winding machine types are usually preferred in
flux-weakening and fault-tolerance applications, due to
their good inductance features. It is important to note
that single-tooth non-overlapping winding topology is
adopted in this present study.
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It is further highlighted in [2] that the output of pa-
rameters such as torque ripple and efficiency of a given
electrical machine would be greatly influenced by its
pole and slot number arrangement. Also, the percent-
age of torque ripple in a given electrical machine could
be heightened due to the impact of armature reaction;
particularly, during electric overload [3].

Furthermore, unbalanced magnetic force (UMF) in
a given electrical machine would be worsened if the
machine is associated with any sort of eccentricity de-
fect [4] and this deteriorated condition could result to
machine failure or collapse, as opined in [5]. The resul-
tant UMF magnitude would also depend on pole align-
ment of the machine with the magnetic fields. More
so, higher UMF effect would be experienced in the ma-
chine if, low energy density and thinner magnets are
employed. Similarly, the magnitudes of both the UMF
and cogging torque of an electric machine would be in-
creased, owing to irregular magnetization fields as well
as unevenness influence of the rotor periphery, as estab-
lished in [6]. It is observed in [6] that the magnitudes
of cogging torque and UMF would be a function of the
difference between the machine’s slot and rotor pole
numbers; the greater this difference, the better for the
machine’s effectiveness.

Moreover, it is established in [7] that the number
of rotor poles could significantly affect the resulting
UMF amplitude of an electric machine, even without
the presence of eccentricity. Similarly, high UMF value
could consequently reduce the average torque of a given
electrical machine. Meanwhile, a standard UMF index
measuring criteria is developed in [8] using the ma-
chine’s structural geometric variables and performance
metrics, in order to estimate and compare the UMF
levels of different kinds of machine. Thus, such crite-
ria would serve as guides to operate electrical machines
within an acceptable UMF limits.

Furthermore, the impact of pole number on other
unwanted machine outputs such as no-load or cogging
torque and on-load voltage distortions of permanent
magnet machines are demonstrated in [9] and [I0] with
valid test results. The results in [9] and [I0] reveal
that amongst other machine variables like the operat-
ing frequency and architectural plan of the machine,
the rotor and stator pole arrangements play significant
roles in determining the magnitude of both the cogging
torque and voltage distortions in such machines. Addi-
tionally, the class of machine, based on the machine’s
stator pole-pitch ratio is also used as a good bench-
mark to measure the resulting amplitudes of cogging
torque and voltage distortion in the machine. Nev-
ertheless, considerable reduction on these undesirable
machine inabilities could be achieved in a given electri-
cal machine, by deploying the tooth-shifting strategy,
as discussed in [11] or through appropriate rotor skew-
ing approach [12].
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Fig. 1: The investigated machine three-dimensional structural
plan, 11 poles [21].

Again, it is important to note that large amounts of
UMF and cogging torque in an electrical machine could
be so disastrous to the extent of degenerating into noise
and vibration formation in the system, as highlighted
in [I3] and [I4]. However, these unattractive machine
features are mainly attributed to low order harmonic
components. In addition, cogging torque value of an
electrical machine could trigger its torque ripple influ-
ence. It is demonstrated in [I5] and [I6] that slot num-
ber and pole number of any given electric machine are
vital in deciding the amount of torque ripple in the ma-
chine; also, a relationship exists between these pole and
slot numbers and its consequent harmonic elements.

More so, torque ripple value of a double stator
permanent magnet machine having multi-excitation
scheme could be lessened, by implementing a counter-
acting low energy density magnet in the system and
concurrently minimize the harmonic distortion effects
from the other excitation sources [I7]. Meanwhile, ma-
chine configurations that have low voltage THD would
naturally yield a corresponding low cogging torque
value, as inferred from [18].

A quantitative comparison of the effect of rotor pole
number on some unwanted machine features such as:
unbalanced magnetic force, cogging torque, torque rip-
ple and total harmonic distortion is studied and pre-
sented in this current investigation, in order to have
an estimated magnitude of these effects on the overall
performance of a given double stator permanent mag-
net machine; and thus, to suggest possible reduction
strategies of such undesirable machine characteristics,
in further investigation(s).

2.  Methodology

The investigated machine model having 11-pole num-
ber is shown in Fig. [I} while the magnetic-field vec-
tor outlines of all the compared machine topologies
are displayed in Fig. The implemented software
in this study is ANSYS/MAXWELL-2D software, ver-
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Fig. 2: Magnetic field vector outlines (a) 6S/10P, (b) 6S/11P, (c) 6S/13P and (d) 6S/14P.

sion 15.0. Additionally, MATLAB software is also im-
plemented. It is obvious from Fig. [2 that magnetic
fields would move from both the inner and outer ex-
citation stators toward the air gap, for a consequent
electromagnetic energy conversion process, in order to
yield the required electromotive force, electromagnetic
torque and output power. The investigated machine
types having 10-, 11-, 13- and 14-rotor pole num-
bers are designated as: 6S/10P, 6S/11P, 6S/13P and
6S,/14P, respectively. Note that 6S signifies six (6)
stator teeth number of both the inner and outer sta-
tors while P represents the rotor poles. The studied
machine belongs to flux-switching permanent magnet
(FSPM) machine category. The feasible stator teeth
(pole) and rotor pole number combinations of FSPM
machine is mathematically stated in Eq. and Eq.
(2). Thus, a three-phase twelve-rotor pole (12P) con-
figuration is not a possible combination in FSPM ma-
chine topologies. Therefore, a 12P rotor pole structure
of an FSPM machine is only practicable in a single-
phase configuration, as detailed in [I9]. More so, the
stator teeth number of any given FSPM machine is al-
ways a multiple of six (6). It is important to note that
the number of rotor poles of any given FSPM machine
is equivalent to the pole pairs of other conventional
electric machines [20].

Ns = klm,
N, = N, + ks

kh=1,2,..,
ko =1,2,...,

(1)
(2)

(©2023 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

where Ny and N, are the stator and rotor poles, m is
the number of phases, k; is an integer and should be
an even number when m is an odd number [20].

Eq. is the mathematical expression of the esti-
mated total harmonic distortion (THD) in this study,
as demonstrated in [22]. Also, the horizontal and ver-
tical components of UMF in a given electric machine
could be estimated using Eq. and Eq. , respec-
tively. It is worth noting that unbalanced magnetic
force (UMF) is often referred to as unbalanced mag-
netic pull (UMP). Similarly, the predicted FEA cog-
ging torque cycles per electric revolution of the com-
pared machines (n) is given in Eq. @ Hence, the
mathematical expression would result to 3 and 6 cy-
cles, for the considered even and odd number of rotor
poles, respectively.

VE?+E}+ .. +E2 3)
E; ’

where F; is the fundamental magnitude of the induced
electromotive force, Fs,..., FE, are the sub-harmonic
voltages, adopted nt" order — 59.

THD =

27
B2 D
F, = / 2010 glcos 0,do,, (4)
0
2
B? D
Y :/ T —[sin 0db,, (5)
2/,&0 2
0

where B, is the flux density in the radial direction, D
is the stator inner diameter, [ is the axial length of the
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stator core and 5 is the angular coordinate along the
stator circumference [23].

LCM (2p, Ny)
n=—">=

e, ©)

where LC'M is the lowest common multiple between 2p
and rotor poles, 2p is the number of permanent magnet
(PM) poles and N, is the rotor poles [24]. The LCM
value between the slot number and rotor pole number
of a given electrical machine would really influence the
resulting cogging torque value of the machine [I§].

Further, the predicted torque ripple (7;.) is calcu-
lated using Eq. @ The applied machine parameters
are listed in Tab. [1

Tl’ll ax

— T
T, =

avg

s 100%, (7)

where: Thax; Tmin and Tyyg are the maximum, mini-
mum and average torque, respectively [25].

3. Unbalanced Magnetic Force

Unbalanced magnetic force (UMF) on the rotor is not
a desirable machine attribute, since this could lead to
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destruction of the permanent magnets (PMs), mainly
for the rotor mounted-magnets, and usually at high op-
erating speed, as pointed out in [26]. Therefore, impact
of UMF on the rotor of the analyzed machine topolo-
gies in this current study is estimated and compared in
this Section, using Maxwell Stress Tensor (MST) ap-
proach of the adopted finite element analysis (FEA)
software. Fig. [3] shows that the resulting unbalanced
magnetic force (UMF) on the rotor would depend on
the supplied current as well as on the relative angular
positions of the rotor. Meanwhile, the largest magnetic
force is realized from the machine types that have odd
number of rotor poles, whereas its counterparts that
are equipped with even number of poles have negligi-
ble amount of unbalanced magnetic force. This large
amount of UMF is due to the influence of the rotor
and stator pole permutations of the analyzed machine
type, as proved in [27]. Similarly, the vertical and hori-
zontal components of magnetic forces presented in Fig.
[ also reveal that these forces would have varying ef-
fects on the rotor, as seen from their different outlines
and magnitudes. More so, it is reconfirmed that the
UMF magnitude is dependent on the applied load cur-
rent. Moreover, the highest amount of UMF would
be experienced by the 6S/11P machine type, and then
the 6S/13P machine category, under rated speed and
current conditions; while the least values of UMF is
obtained in the 6S/10P and 6S/14P machine configu-
rations.

Three-dimensional (3D) plots of average unbalanced
magnetic force on the rotor as a function of both speed
and electric load are displayed in Fig. [5| It is observed
that the resulting UMF on the rotors of 6S/11P and
6S/13P increases with increasing electric load current.
Nevertheless, the UMF variations with varying rota-
tional speed are fairly constant, as shown in Figs.
and Although, the 6S/10P and 6S/14P have zig-
zag variation trends with the current and speed; how-
ever, its UMF magnitudes are considerably low com-
pared to that of 6S/11P and 6S/13P machine topolo-
gies. The static torque results at different current rat-
ings are shown in Fig. [} It could be inferred that
the resulting static torques in the 6S/11P and 6S/13P
machine categories are symmetrical about the rotor an-
gular positions, while its 6S/10P and 6S/14P equiva-
lents are asymmetrical; possibly, due to huge harmonic
effects of the later. More so, the magnitudes of the re-
sulting static torque are functions of the supplied cur-
rents; the higher the applied current, then, the larger
its resultant static torque value. Similarly, it is shown
in Fig. [7] that the static torque amplitudes of the com-
pared machine types are basically independent of the
machine’s rotational speed.
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Fig. 4: Comparison of unbalanced magnetic force at different current levels 6S/10P, m 6S/11P, m 6S/13P and m 6S/14P.

Fig. 5: Three-dimensional plots of average UMF at different current and speedGS/lop, 68/11P,6S/13P and|(d)|6S/14P.
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Tab. 1: Distribution of the types by rank.

Items

Values

Inner stator teeth number

6

Outer stator teeth number

6

Rotor pole number

10 11 13 14

Average torque (Nm), at rated current and speed

1.37 | 2.33 | 2.16 | 1.27

Air-gap length (mm)

0.5

Axial length (mm)

25

Machine diameter (mm)

90

Stacking factor

0.6

Rated speed (rpm)

400

Rated current (A)

15

Steel material

M330-35A

Coil material

Copper

Grade of magnet

N35SH

Coils per phase

2

Total number of turns per phase

72

Magnet remanence (T)

1.2

Coercive force, H (kA/m)

-909

4. Total Harmonic Distortion,

Torque Ripple and Cogging
Torque

The total harmonic distortion (THD) of the voltage
variation is depicted in Fig. It is obvious that
the machine types having even number of rotor poles,
exhibit higher amount of THD; likely, due to its high
accumulation of harmonic elements. More so, the rela-
tionship between the generated THD and supplied load
in such machines are fairly linear. Hence, the higher
the applied load current, then, the larger its resulting
THD value, and vice-versa. Further, the variation of
torque ripple with the changing load current is shown
in Fig. Again, it is observed that the torque rip-
ples are considerably larger in the machines that are
furnished with even number of poles, compared to the
ones that have odd number of poles. Moreover, an in-
verse relationship exists between the supplied current
and the resulting torque ripple values.

The variations of the THD and torque ripple are
nearly constant with changing rotational speed, as de-
picted in Figs. [0] and [I0} respectively. Meanwhile, the
torque ripple values of the investigated machines have
approximately inverse relationship with the supplied
electric load, as well as a fairly constant relationship
with the machine’s varying speed.

Furthermore, the radial air gap flux densities of the
investigated machine types with their resulting har-
monic spectra are compared in Fig. It is shown
that the produced flux densities are symmetrically and
uniformly distributed over the considered rotor angular
positions and hence, over the simulated electric period.
It is worth noting that the 6S/11P machine type gener-
ated the largest air gap flux density; and this invariably
would give rise to its other competitive machine qual-
ities, like the output torque and power. More so, the

Total harmonic distortion (%)

Torque ripple (%)

Fig.
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compared machine types have many useful flux den-
sity harmonic orders, as shown in Fig. There
is abundant useful air gap harmonics in flux-switching
permanent magnet (FSPM) machines, as presented in
[28]. The dominant flux density harmonic elements of
the compared machine types are the 9th and 3rd com-
ponents, as shown in Fig. These dominant har-
monic element occurrence is in-line with the obtained
results presented in [29)] of a typical single stator FSPM
machine. Thus, the 3rd and 9th harmonic elements
shown in Figs. and @ reveal that the largest
fast Fourier transform amplitude of air gap flux den-
sity is obtainable on no-load condition, likely, due to
the influence of armature reaction. The effect of arma-
ture reaction is usually intensified when the machine
is electromagnetically saturated. Further, it is obvious
from Fig. that the maximum air gap flux den-
sities of the analyzed machines are independent of the
machine’s rotational speed.

Fig. shows the cogging torque outlines of the
compared machines. The cogging torque amplitudes of
6S/10P and 6S/14P machine configurations are larger
than those of its equivalent 6S/11P and 6S/13P ma-
chines. This is because; the cogging or no-load torque
of a given permanent magnet is customarily related to
its torque ripple magnitude. Nevertheless, the cogging
torque amplitude of a typical flux-switching machine
could be considerably reduced by appropriate modi-
fication of its rotor pole structure, as noted in [30].
More so, the machine types having even number of
poles have one-half the number of cogging cycles com-
pared to the ones that have odd number of poles. This
is in agreement with the mathematical expression of
Eq. @ Hence, the largest amount of cogging torque
is obtained in the third (3rd) and sixth (6th) orders, in
the two different classes of machine i.e. even rotor pole
(6S/10P and 6S/14P) and odd rotor pole (6S/11P and
6S/13P) machine categories, respectively; as depicted
in Fig. [12(b)l Fig. [12(c)[shows that the cogging torque
amplitude of the investigated machine types is not de-
pendent upon the machine’s rotational speed.
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Although, the analyzed 11-pole machine type
(6S/11P) has the most promising electromagnetic per-
formances; the 13-pole (6S/13P) machine would pro-
duce the best average torque, if all the machine cate-
gories are simulated using the same volume of magnetic
material, as shown in Fig. The worst amongst all
the compared machines with regard to output perfor-
mance(s) is the 14-pole machine type (6S/14P). Ad-
ditionally, the produced torque per magnet volume is
essentially independent of the rotor speed, as shown in

Fig.

5. Conclusion

It is established that most of the undesirable machine
characteristics are exhibited by the machine types that
are equipped with even number of rotor poles i.e.
6S/10P and 6S/14P machine categories; although, ro-
tor of the machine types that have odd number of poles
i.e. the 6S/11P and 6S/13P machine types would ex-
perience larger amount of unbalanced magnetic force,
which is a demerit. It is also shown that compared ma-
chine types have many useable flux density harmonics.
Additionally, the 11- and 13-pole machine types also
have higher amounts of air gap flux densities, which
is desirable for larger electromotive force and output
torque generations. The static torque waveforms of
the compared machine that have even number of ro-
tor poles are asymmetric over the simulated rotor po-
sitions, unlike its counterparts that have odd number
of rotor poles. Most of the investigated performance
indices are independent of the machine’s rotational
speed. Above all, the machines that have 13-pole and
11-pole have the best torque per used magnet mate-
rial; thus the most cost-effective machine to produce
amongst all the compared machine configurations. The
worst case scenario, in terms of electromagnetic output
performance is exhibited by the 6S/14P machine type.
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