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The topology, operation principle, and electromagnetic performance of the inner rotor flux reversal permanent magnet IRFRPM)
machine and the outer rotor flux reversal permanent magnet (ORFRPM) machine are quantitatively compared in this paper.
First, the mass torque of both machines is optimized and compared using particle swarm optimization (PSO) combined with the
finite element method (FEM). Second, the static properties of both machines are calculated using finite element analysis (FEA).

Both machines are suitable for direct-drive wind turbines, but ORFRPM outperforms IRFRPM.

1. INTRODUCTION

Wind systems are increasingly improved and reduced. On
the generator side, it demands compact and lightweight to
place on the pylon and coupled directly to the wind turbine.
These advantages are seen over a high-speed conventional
generator where the coupling must be done through a gearbox,
which generates installation and maintenance costs, a complex
control, slow response to fluctuations in wind and changes in
expenses, etc. However, the generator’s rotational speed must
be low to match the wind turbine's speed and produce
electricity similar to the main frequency (50-60 Hz).
According to electrical machine design principles, using
conventional structures (induction machine, synchronous
machine ...) requires many poles in the stator and rotor and
complex winding. Potentially, the toothed plots permanent
magnet (PM) machines, namely flux reversal (FR), doubly
salient (DS), and flux switching (FS), offer simple structures,
robust and high working efficiency because the coil is
concentric, and there is no coil or magnet in the rotor. Flux
reversal machines (FRM) wused for high-speed drive
applications were initially discussed in [1] and for low-speed
applications in [2]. After that, FRM research focused on
design aspects [3]. Furthermore, authors have explored the
design intricacies of flux reversal machines, such as the three-
phase flux reversal machine (FRM) [4,5], which showcases a
doubly salient stator-permanent magnet configuration. These
machines, characterized by a simple reluctance rotor, stator
with armature windings, and permanent magnets, have shown
high effectiveness in various applications. By exploring the
design nuances of flux reversal machines, researchers aim to
enhance their efficiency, performance, and applicability
across different domains within the realm of electrical
machinery [6-9]. These internal rotors are important in wind
turbine applications [10-13]. An outer rotor flux reversal
machine was proposed in [14] for rooftop wind power
generation. This low-speed machine has six stator plots with
two permanent magnet pairs on each stator plot. This machine
is designed for 214 rpm, 2.4 kW. This paper proposes the outer
rotor flux reversal permanent magnet machine (ORFRPM) for
a direct drive wind turbine. It has 12 stator plots with four PM
pairs on each stator plot and 64 rotor teeth. The proposed
ORFRPM machine is quantitatively compared with his

equivalent IRFRPM machine in terms of mass torque, Fig. 1,
optimized by using PSO combined with FEM.
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Fig. 1 — Teeth, permanent magnets and global parameters:
ORFRPM (a) and IRFRPM (b).

The static characteristics are evaluated with FEM,
compared and discussed, and finally, conclusions are drawn.

2. PARTICLE SWARM OPTIMIZATION (PSO)

The PSO algorithm is similar to the genetic algorithm in
the population-based research method and searches for the
optimal solution by updating the generations, but their
strategies are different. In the population, also called
“swarm”, each individual or particle has a position x(f) and a
speed v(t) dynamically adjusted, relative to the proper
experience of the particle (cognitive component: p-x()), as
well as to those of neighboring particles (social component:
g-x(f)), as shown in Fig. 2.
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Fig. 2 — PSO basic philosophy.
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Various versions of the method generally dealing with the
influence of parameters on the algorithm's convergence,
have been proposed in the literature [15—18]. Among them,
our choice fell on that described in [16], where the algorithm
is more stable, and the convergence is more secure than
previous versions. At the start of the algorithm, each particle
is positioned randomly in the problem's search space. During
each iteration, each particle is updated according to three
components: its current speed w(?), its best solution p, and the
best solution obtained in its vicinity g. This gives the
equation the following movement:

v(t+1) =
= xx (v(O) +C x (p—x(®) + 6, x (9 — x(1) ), (1)

x(t+1) =x@)+v(t+1), 2)

with x(?): the current position, y: constriction coefficient
2

X= @=2+/p%2-4x¢’

and with ¢ a confidence coefficient, ¢ = 4.1, and Ci, >
acceleration coefficients.

3)

C, = (%) * random(0,1)), 4

®)

PSO is a population algorithm. It starts with a random
initialization of the swarm in the research space. At each
iteration of the algorithm, each particle is moved following (1)
and (2). Once the particles are performed, the new positions
are evaluated. The p and g are then updated. This procedure is
summarized by the following pseudo-code, where E is the
particle number in the swarm. Pseudocode PSO:

Random initialization of the positions and speeds for each
particle
while the stopping criteria aren’t reached, do
fori=1to E do
Displacement of the particle using eq. (1) and (2)
Evaluate the fitness of the swarm
Update p
if f{x;) <f{(p;) then
Pi=Xi
end
Update g
if f(pi) < f(g) then
g&=pi
end
end
end
The stopping criterion may be different depending on the
problem posed. If the global optimum is known a priori, we
can define an acceptable error as a stopping criterion.
Otherwise, it is common to set a maximum number of
evaluations of the objective function or a maximum number
of iterations, such as the stop criterion. The design of both
machines is optimized in terms of mass torque by using
particle swarm optimization (PSO) combined with the finite
element method (FEM).

C, = (%) * random(0,1).

3. DESIGN PROCEDURE OF INNER AND OUTER
ROTOR FRPM

The following equation allows many combinations between
the number of phase ¢, the number of stator plots Nps, the total
number of permanent magnet pairs Ns in the stator, and the
number of rotor teeth N

N. 1
K=-"+-=
Nps q
Ngp max imum = K
Ns

(6)
ps N_dp
The coefficient K is the maximum number of magnet pairs
per plot Ng. Both machines have 48 permanent magnets
spread over 12 stator plots and 64 teeth in the passive rotor.
The overall geometric parameters to be optimized (Fig. 2)
are:
- Rotor and stator yokes width E; and Es, respectively.
- Coil height 4.
- Angular plot opening p.
- Point 4 (R4, B4) with R4 and B are point A's radius
and opening angle.
- Rotor teeth parameters 4, a1, and o2.
- Magnet height /.

Like the switched reluctance machine (SRM) with
toothed plots, the flux reversal machine (FRM) substitutes
alternating permanent magnets for the stator plots' teeth. Its
winding is concentric, with two alternating magnets in the
stator corresponding to the rotor tooth pitch. In one phase,
L's self-inductance is nearly constant. The flux resulting
from the current Ww and the flux from the magnets ¥pm
together comprise the total flux ¥ of the FRM (Fig. 3).
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Fig. 3 — Flux versus rotor position.

The distribution of magnetic induction is observed along a
contour situated in the center of the air gap, which delimits a
whole pad over a 30° mechanical opening when a nominal
current is introduced into phase A for the conjunction and
opposite positions (Fig. 4 and 5). Without demagnetizing the
magnets, the phase A flux reduces the flux of magnets
magnetized in the opposite direction and increases the
magnets' magnetic flux in the same direction.

For a given phase, the magnetic torque is [10]:

_1l.dl . dipm
Te=320% 1 e )



3 Ahcene boulayoune et a/

125

For every rotor position, the integral along a closed contour I
that surrounds the rotor and is situated in the air gap is
determined in two dimensions using the finite elements method:

T, = L§.7H, B,dT, (8)

with L denoting the machine's length, B, and H; are the radial
and tangential components of the magnetic induction and
magnetic field. The power factor of the study FRM is
computed using the energy ratio outlined by Lawrenson [19]
for a pure switched reluctance machine (SRM):

W1(@conj)—W1(Bopp)
W1(Bconj)=W1(Bopp)l+[W (B conj)~Wpm(Bcon )]’
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Fig. 4 — Spatial distribution magnetic induction in the middle of the air

gap I =In, Phase A in conjunction position.
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Fig. 5 — Spatial distribution of the magnetic induction in the middle of
the air gap I=In, Phase A in opposite position.

where [ (8 on) = W(8 ) [+ M Ocon ) -Wym(8con)] s
the energy between the machine and the converter (Fig. 6).

This ratio, comparable to the power factor, evaluates the
FRM's energy conversion efficiency. It displays the
percentage of energy (W) converted between the machine's
and the converter's total energy (co-energy).

The converter's size decreases as this ratio gets better. The
energy ratio is improved when permanent magnets are
present. For the optimization of the machine’s geometry, the
objective is to minimize the following function:

-1
=0 (10)

with 7 is the maximum torque developed by the machine. This
torque is obtained for electrical angles close to 90° (Fig. 7) and
m, the mass of the active materials, namely iron, copper, and
permanent magnets.

3,0

2511111100

Magnetic energy (W)
2,0+

Conjunction position
~

l/LU) . Opposite position

Lt

T
//(‘n-cnergy
W)

/U

1,5

AN

Y

1,0

Flux (Wb )

0,5

0,0

‘In

100

-1 !0 T T T T
0 20 40 60 80

Current (A)

T T
120 140

Fig. 6 — FRM energy cycle.
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Fig. 7 — Electromagnetic torque versus rotor position

As a result of analytical pre-sizing, the FRM research
space at optimization is shown in Table 1, where Ry is the
radius exterior of the machine fixed by the specifications
[10] (Table 2):

Table 1
Parameter validity interval
Geometric parameters Max Min
R, (mm) Ro/3 0.9%Ro
Es (mm) 5 50
Ba (°) 1 15
B 1 15
hm (mm) 0.2 30
hpy (mm) 5 100
hy (mm) 0.2 30
E, (mm) 5 50
1 0.2 0.5
o2 0.2 0.5
Table 2

Design requirements.

Parameters

Values (Units)

Rated power

Rated torque

Outer diameter (2% Ro)
Current density

Coefficient of copper filling
Air gap thickness

10 kW
2000 Nm
600 mm
5 A/ mm?
0.5

0.5 mm
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3. RESULT AND DISCUSSION

Both machines previously described have been designed
using the finite element method magnetics (FEMM) software.
The PSO is combined with this software (FEMM) for their
optimizations. The mass torque (equation 10) is the objective
function to optimize. Both machines are intended for generator
operation and are dedicated to the wind turbine. For a better
comparison, both machines are subjected to the same load
specification (Table 2). The other geometrical parameters are
delimited in validation intervals, as shown in Table 1.

Figure 8 depicts the convergence of the objective function
(mass torque) as a function of generations. It should be noted that:

» At the start of the generations, IRFRPM produces

more mass torque than ORFRPM.

* The mass torques of the two machines are nearly

identical in the twentieth generation.

* Since then, IRFRPM has stagnated, whereas
ORFRPM has continued to advance.

Finally, IRFRPM achieves its global optimum at the
thirty-ninth generation, whereas ORFRPM achieves
it at the thirty-seventh generation.
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Fig. 8 — Mass torque versus generations.

Figure 9 compares the no-load flux linkage of both
machines. Both have a symmetrical flux waveform, but
ORFRPM has a larger peak value for the flux link than
IRFRPM. The amplitude of the back FEM shown in the
figures below confirms this.
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Fig. 9 — Flux linkage.

Figures 10 and 11 show the variation of the two generators'
electromotive forces (EMFs) and the corresponding FFT
analysis. Given that the number of turns per phase for both
machines is 160 (40 turns/plot), the FEM of the ORFRPM
(220 V) is greater than that of the IRFRPM (180 V). The
ORFRPM improves the induced voltage by 22 %.

Figure 11 also shows an improvement in the second
harmonic of ORFRPM. It accounts for 0.47 percent of the
fundamental and 1.78 percent of the IRFRPM’s second
harmonic. Figure 10 demonstrates this, as we can see that
ORFRPM has a better EMF waveform than IRFRPM.

Figure 12 shows the cogging torque of the two optimized
machines. Table 2 shows that it is minus 10 % of the rated
torque fixed by the specifications.
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Fig. 11 — FFT analysis of back EMF.

Figure 13 depicts the maximum torque produced by the
two machines at various supply currents. Both machines
produce nearly the same torque at low currents (I<30 A).
However, starting at 60 A, ORFRPM produces more torque
than IRFRPM. For example, the torque of ORFRPM is 25%
greater than that of IRFRPM for a current of =90 A

Figure 14 depicts a merged view of the optimized ORFRPM
with PSO: (a) design/properties, (b) FEA mesh, (c) flux lines,
(d) flux density distribution, and the flux density legend is
depicted in the middle of the figure. We notice saturation at the
tips of the rotor teeth and the stator plot corners (1.9 T). This is
due to the flux’s concentration in these narrow regions. In other
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regions, such as the stator and rotor yokes and the stator plots,
the flux density does not exceed 1.2 T.

Table 3 displays both machines' optimal geometrical
parameters, mass torque, maximum torque, total mass, and
maximum power. Although the IRFRPM has 17.23 % less mass
than the ORFRPM, this is more than offset by the maximum
torque (35 %). The ORFRPM’s mass torque (+11.76 %) and
maximum power (+35.1 %) support this compensation.
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Fig. 13 — Torque versus current.
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Fig. 14 — Optimized ORFRPM.
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Table 3
Parameters of the optimal structures
Parameter IRFRPM ORFRPM
Maximum power (kW) 16.04 21.67
Mass torque (Nm / kg) 14.19 15.86
Maximum torque (N.m) 3063.70 4138.77
Total mass (kg) 215.94 260.90
Iron mass (kg) 168.72 204.92
PM mass (kg) 6.26 7.88
Coils mass (kg) 41 48
Geometric parameters
R, (mm) 247.15 235.52
E,(mm) 2295 27.06
E,(mm) 23.52 24.21
Ba () 4.79 5.56
h, (mm) 47.30 75.54
h, (mm) 3.94 434
h, (mm) 16.20 12.80
arp 0.20 0.20
o2 0.44 0.46

5. CONCLUSIONS

The primary goal of this manuscript is to improve a new
design: the Outer rotor flux reversal permanent magnet
machine. ORFRPM has a better attitude toward direct-drive
wind systems than its counterpart IRFRPM. The results
presented in this paper support this. ORFRPM is highly
desired/recommended for direct-drive wind turbines because
it has a largely satisfactory mass torque, an EMF with
improved amplitude and waveform, and a good peak torque
that directly reflects the machine’s average torque. Future
work and prospects include investigating the performance of
this promising machine (ORFRPM) in a dynamic regime to
understand it better and further validate these electromagnetic
properties.

Received on 6 June 2023
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