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Abstract—There has been increasing innovation in research to
harness nonconventional electrical machines e.g., stator-mounted
electrical machines like the ﬂux switching machines (FSMs), in
various applications such as wind power generation and electric
traction. Hence, the need to further minimize the cost of electrical
machines by avoiding designs using scarce rare-earth permanent
magnets (PMs), especially if such machines were to be designed
using PM materials. The approach in this article is to investigate
the cost savings if a hitherto optimally designed 10 kW FSM
which uses rare-earth PM is rather designed on less expensive
ferrite PM for a medium-speed geared wind generator drive. Using
2D ﬁnite-element analyses and comparing the performance of two
optimal benchmarks, it is shown that the ferrite design is heavier,
leading to 61.2% reduction in the torque density compared to the
rare-earth design. However, due to the high cost of rare-earth
PMs, the active material cost of the ferrite design is found to be
35% cheaper. It is also found that due to deep saturation effects,
the rare-earth design is more susceptible to demagnetization risks
even within nominal load conditions, whereas the ferrite
demagnetizes rapidly only beyond the nominal load.
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1.

INTRODUCTION

Lately, there is growing interest in the design of nonconventional electrical machines for wind energy applications [1].
Typical nonconventional machines are stator-active machines
such as the ﬂux switching machine (FSM), which have been
a dominantly permanent magnet (PM) machine [2].
Already, the candidacy of the FSM for wind energy application is mounting as supported by some recent studies
[3]–[6], however, only a handful of these studies have
attempted using non-rare-earth PM excitation for geared
medium-speed (MS) drivetrains [4] and [5]. Geared MS
drivetrains are important because they reduce the gear box
size to 1- or 2-stage from 3. Thus, unlike the traditional
high-speed and low-speed drivetrains which have been
popular for wind generator designs, MS designs (say
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FIGURE 1. Proposed
energy system.

geared

medium-speed

wind

100–600 r/min) provide moderation to the size and cost of
both the gear and generator components [7].
Unlike rare-earths, ferrites are potentially cheaper (lowcost) PM options for FSMs (viz., PM-FSMs) and are
bound to be more attractive to the industry. The high price
of rare earths is mainly due to limited geographic sourcing,
amidst a huge market potential for ferrites. It should
equally be mentioned that the high demagnetization risks
associated with ferrite PMs is potentially abated when used
in the design of PM-FSMs due to a special magnetic circuitry [8].
To this end, this article will be used to investigate the
optimal design of a 10 kW ferrite PM-FSM in contrast to
its rare earth counterpart. Unlike a previous study which
considered high-speed AC traction drives [9], the current
study is designed for geared MS wind energy systems as
shown in Figure 1. The main target is to minimize the
active material mass, while maintaining acceptable machine
performance. Thus, the article begins by providing background information on the design formulation of the FSM
as a generator using a 2D static FEA-based optimization
process. The subsequent sections are used to evaluate the
performance of two optimized benchmark designs comprising a ferrite and a rare-earth PM-FSM generator. In the
end, the results are corroborated based on counterpart 2D
and 3D transient FEA solutions.
2.
2.1.
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DESIGN PROCESS
Basic Structure and Design Formulation of
PM-FSMs

FSMs are identiﬁed as machines of robust structure and
high power density, with essentially bipolar phase ﬂux
linkages and sinusoidal back-EMF waveforms. The earliest
version of the PM-FSM featured a simple radial-ﬂux
design [10]. Nowadays, especially for low-speed wind generator drives, axial-ﬂux [11], as well as transverse-ﬂux [12]

FIGURE 2. Cross-section of 12-stator slots/10-rotor pole
PM-FSM.

PM-FSMs exists, although these are deﬁned by very complicated design features. Among existing radial-ﬂux PMFSM topologies today, the 3-phase 12/10 (12-stator-slots/
10-rotor-pole) topology as shown in Figure 2 has been
popularized. The 12/10 PM-FSM conﬁguration is well
adapted to the MS drive regimes. Thus, it is selected for
the proposed design process. The design process is illustrated in the ﬂowchart given in Figure 3. Both the ferrite
and rare-earth PM-FSMs are subjected to almost the same
design speciﬁcations as advanced in Table 1. Note that the
different stator outer diameters realized for the ferrite and
rare-earth PM-FSM designs as indicated in Table 1 is simply based on the sizing equation highlighted in [13], with
approximations for ﬁxed frame sizes.
2.2.

Analytical Equations

The 3-phase magnetic axes of the 12/10 PM-FSM can be
easily analyzed by transforming them into the traditional
direct axis (d-axis) and quadrature axis (q-axis) parameters
notably referred to as dq-axes components. The simpliﬁed
dq equivalent circuit of PM-FSMs is as shown in Figure 4.
Thus, the voltage equations, while assuming generator
operation, may be approximated as
Vd ¼ Rs Id þ Xq Iq ;
Vq ¼ Rs Iq  Xd Id þ Eq ;

(1)
(2)

where Eq is the generated internal voltage. Xd and Xq are,
respectively, the dq-axes reactances which are equal to the
sum of the magnetizing, phase-winding leakage and
phase end-winding reactances. The end-winding reactance
effects have been computed as formulated in [13]. The
expression for the electromagnetic torque and torque ripple
is given as


 
Xd Xq
3
Id Iq ;
(3)
Te ¼ Nr Iq kM þ
xe
2
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FIGURE 3. Work ﬂow for PM-FSM design process.

Stator outer diameter (Dout)
PM remanence
Number of turns per slot
Fill factor ratio per half slot
Shaft speed (xs)
Output power
Efﬁciency
Power factor
Ripple torque

Rare-earth

Ferrite

250 mm
1.2 T

350 mm
0.4 T

100
0.45
360 r/min
Pout  10 kW
g  90%
cos/  0.8
kd  10%

TABLE 1. Design targets and parameter speciﬁcations.

FIGURE 5. PM-FSM vector diagram.

3
Pout ¼ ðVd Id þ Vq Iq Þ;
2
Pout
:
g¼
Pout þ PCu þ Pcore

(6)
(7)

The copper losses (PCu) and the core losses (Pcore),
which is deﬁned by the summation of the hysteresis and
eddy current losses, are expressed as

3 2
Id þ Iq2 Rs ;
(8)
PCu ¼
2
  r




r
r
r
Pcore ¼ Cm feb B_ st Mst þ B_ sy Msy þ freb B_ rt Mrt þ B_ ry Mry ;
FIGURE 4. PM-FSM dq equivalent circuits.

kd ¼

TeðmaxÞ TeðminÞ
;
Te

(9)
(4)

where Nr is the rotor teeth number, kM is the ﬂux linkage
solely due to the ﬁeld type, xe is the electrical speed in
rad/s, Te(max) and Te(min) are the maximum and minimum
peaks of Te when the machine is operating on load.
Under steady-state generator operation, the PM-FSM phasor diagram as shown in Figure 5 shows the power factor
angle as a function of load (D) and current (a) angles given as
/ ¼ a þ D:

(5)

The PM-FSM generator output power as derived from
the dq axes variables, as well as the generator efﬁciency is
given as

where Cm, r, and b are Steinmetz coefﬁcients determined
by experiments from frequency (fe), B_ st is the peak ﬂux
density in the stator tooth, Mst is the total mass of the stator teeth, B_ sy is the peak ﬂux density in the stator yoke,
Msy is the total mass of the stator yoke, B_ rt is the peak ﬂux
density in the rotor tooth, Mrt is the total mass of the rotor
teeth, B_ ry is the peak ﬂux density in the rotor yoke, and
Mry is the total mass of the rotor yoke. Note that fre is a
factor of fe introduced because the rotor experiences
reduced core losses (usually 30–40%) compared to that of
the stator [15]. The phase resistance, Rs, is calculated as
Rs ¼

2
8Nph
qCuðlst þle Þ

Aph

;

(10)
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FIGURE 7. Display of the evolved optimal colonies.

for the phase. The constant number coefﬁcient in (10) is
indicative of the slot arrays for series connection of the
phase windings. Note that the conductor eddy current
losses due to skin effects have been ignored because they
are considered negligible within the nominal load operation
of conventional PM-FSMs [14].
2.3.

FIGURE 6. Cross-sectional views of PM-FSM dimensional variables: (a) stator and (b) rotor.

where Nph is the turns number per coil for the phase windings, qCu is the resistivity of copper at room temperature,
lst is stack length of the iron laminations, le is the endwinding length of the copper conductors evaluated using
the method prescribed in [13], and Aph is the area per coil

X
a
J
lst
Din
Dsh
bPM
bpr
bsls
hys
hyr
t0

Design Optimization

The optimization process involved a non-gradient multiobjective algorithm evaluated in FEA. It takes into account
the simultaneous evaluation of two objective functions,
namely; the PM mass (MPM) and the total active mass
(MA). The design constraints as indicated in Table 1 are
meant to limit the proposed generator performance within
acceptable operating points. The design variables to be
optimized is described by the transposed vector X given as

T
X ¼ a J lst Din Dsh bpm bpr bsls hys hyr t0 ;
(11)

Parameters

Rare-earth (DI)

Ferrite (DII)

Current angle ( )
Phase current density (A/mm2)
Stack length (mm)
Stator inner diameter (mm)
Shaft diameter (mm)
PM length (mm)
Rotor pole width (mm)
Slot opening width (mm)
Stator yoke height (mm)
Rotor yoke height (mm)
Rotor teeth taper factor

89.984
4.982
178.948
146.287
80.029
7.582
20.438
7.282
7.711
13.784
0.738

89.997
3.607
165.529
220.626
119.879
18.793
24.004
13.801
18.420
18.750
0.850

TABLE 2. Optimal design parameters.
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2.4.

FIGURE 8. Comparison of aspect and split ratios.

where J is the phase current density, Din is the stator inside
diameter, Dsh is the shaft diameter, bpm is the PM width,
bpr is the rotor pole width, bsls is the slot opening width,
hys is the stator yoke height, hyr is the rotor yoke height,
and t0 is a tapering factor for the rotor teeth deﬁned as the
' . The remaining variables have been earlier
ratio bpr : bpr
deﬁned. The total number of decision variables as denoted
in X is 11, and illustrated as shown in Figure 6, with the
exception of J and lst which are not displayed.
A total of 2,000 function evaluations are computed with
a population size of 20 at 100 generations. Key parameter
settings such as the crossover probability, crossover distribution index and mutation distribution index were tuned to
0.95, 10 and 15, respectively. The mutation probability is
taken as the inverse of the number of decision variables for
each problem type. Based on a Core i7 CPU 16 GB RAM
workstation, it required approximately 30 h to exhaust one
optimization run.

Average torque, Te
Torque ripple, kd
Cogging torque, kd0
Stator iron mass
Rotor iron mass
Copper mass
PM mass
Active mass
Copper loss, PCu
Core loss, Pcore
Output power
Machine efﬁciency, g
Power factor
Torque/active mass, spa

Results and Discussions

The design optimization results are displayed by the scatter
plots in Figure 7, which clearly shows a wide margin separating the colonies of the optimal set of the evaluated PMFSM variants. At a closer look, it is observed that the ferrite PM-FSMs requires at least 1.5 times of the active mass
and 2 times of the PM mass that of the rare-earth PMFSMs. From the broadcasted results in Figure 7, two sample designs, one from each PM-FSM variants, are benchmarked for further evaluation. As shown, the selected
designs are highlighted in the optimal design collections as
DI (for the rare-earth PM-FSM) and DII (for the ferrite
PM-FSM).
Table 2 is used to show the optimum design parameters
obtained for the two selected designs. It is observed that
for the same design requirements, the optimal PM mass
per active mass results in a narrower PM length and longer
stack length for the rare-earth design, compared to the ferrite PM-FSM. The ratio of PM length to stack length is
4.2% in the former, compared to 11.3% in the latter. This
observation is due to the fact that PM-FSMs have ﬂux
focusing capabilities which enables a thinner PM length in
this instance, encouraged by the superior quality of rareearth PM compared to ferrite PM.
in
The aspect ratio (KL ¼ Dlstin ) and split ratio (K0 ¼ DDout
) of
the optimal design candidates are both contested as shown
in Figure 8. The illustration shows that the aspect ratio,
more than the split ratio, is critical for the optimal performance of the rare-earth design. As for the lower quality ferrite PM, the split ratio is widened in correspondence to
strengthening of the airgap magnetic ﬁeld.
Meanwhile, the discrepancy in current densities in
Table 2 can be related to the copper losses viz., the

Units

Rare-earth

Ferrite

Slip (%)

Nm
%
%
kg
kg
kg
kg
kg
W
W
kW
%
–
Nm/kg

259.23
7.84
6.42
23.84
10.02
6.95
6.33
47.15
447.92
188.17
9.99
94.01
0.79
5.50

258.48
9.42
12.65
36.42
18.91
9.19
12.07
76.59
341.63
163.15
9.97
95.18
0.79
3.37

0.29
16.77
49.24
34.54
47.01
24.37
47.55
38.43
31.11
15.33
0.20
1.22
0
63.20

TABLE 3. Performance indices.
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Cost (USD/kg)

NdFeB PM
Ferrite PM
Copper
Iron lamination

60
10
11.2
2.2

Rare-earth

Ferrite

900
1.2
1.06
7,500

258
0.4
1.06
5,000

Coercive force, Hc (kA/m) (at 20  C)
PM remanence, Br (T)
Relative permeability, lr
Mass density (kg/m3)

TABLE 4. Cost quote of materials [9].
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TABLE 5. Characteristics of selected PMs.

But from an economic standpoint, the total active material
cost of the ferrite design is 65% compared to the rare-earth
design, based on price quotations shown in Table 4.
Consequently, the higher total cost of the rare-earth design
is driven primarily by more expensive rare-earth PMs as
illustrated by the cost breakdown of components shown in
Figure 9.
3.

FIGURE 9. Comparison of different material costs.

efﬁciency in Table 3. Since the theoretical slot ﬁlling factor
and conductor number per coil of both designs is kept constant as indicated in Table 1, one can infer that a higher
current density value corresponds to higher copper loss,
which in this case slightly reduces the efﬁciency of the
rare-earth PM-FSM.
Table 3 gives a summary of both PM-FSM designs
attaining the prescribed design targets. However, the torque
density for the rare-earth design is seen to be 63.2% more
than the ferrite, thanks to a smaller generator head mass.

DEMAGNETIZATION RISKS

A common characteristic of PMs is their demagnetization
susceptibility at high temperatures or as a result of excessive currents in the associated windings [15]. Ordinarily, a
drop in magnetic coercivity (negative Hc) in a typical PM
demagnetization curve is indicative of proportional temperature rise, although this generalization is not applicable
to ferrites and Alnico because of their positive temperature
coefﬁcients, which mean that they perform better as they
get hotter [16]. Besides, ferrites, unlike rare-earths, are not
prone to eddy current losses, also meaning that their electrical resistance is very high [17]. This goes to show that
the quality of the PM material used is also a factor of its
demagnetization characteristics.
In this section, the demagnetization resistance of the ferrite and rare-earth PM-FSM optimal benchmarks is

FIGURE 10. 2D static FEA distribution of PM-FSM reference normal to ﬂux lines in the x-direction of the PMs: (a) rare-earth
and (b) ferrite.
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FIGURE 11. Average PM ﬂux density under different
load conditions.

FIGURE 12. Load proﬁle of normalized armature-reaction
voltages at 360 r/min.

undertaken by using static FEA solution to appraise the
impact of the load currents on the PM remanence (Br). The
characteristics of the ferrite and rare-earth PMs used in the
study is provided in Table 5. The demagnetization characteristics of both machines are investigated using the average ﬂux density component normal to the ﬁeld lines along
the x-direction, illustrated by points “A” and “B” in
Figure 10. As indicated in [9], the prescribed safety limit
of ﬂux density normal to PM ﬂux lines for the rare-earth
PM is given as Bn > 0.4 T at maximum temperature of
120  C, while that of ferrite PM is Bn > 0.1 T at minimum
temperature of 20  C. The PM position where the magnitude is lowest for a given static FEA solution is thus considered. But, it should be mentioned that the
demagnetization levels considered in this study are mainly
evaluated based on the magnetic saturation effects of the
load currents on the PMs.

In Figure 11, based on the evaluated load proﬁle, the
rare-earth design was unable to satisfy the safety limit (i.e.,
BMx < 0.4 T), unlike the ferrite design (i.e., BMx > 0.1 T).
The main reason for this disparity is due to the high crossmagnetization effects of the current-induced magnetic ﬁelds
in the former, resulting in higher armature-reaction effects
between no-load and nominal load regimes as portrayed in
Figure 12. On the other hand, beyond the nominal load as
shown in Figure 12, the safety limit for the ferrite design
is not respected. Apparently, this results in rapid saturation
when the ferrite design becomes overloaded. To corroborate the results in Figures 11 and 12, the ﬂux density contour plots are shown in Figure 13, under rated conditions.
A higher degree of demagnetization at the PM edges of the
rare-earth design compared to that of the ferrite is clearly
depicted, especially towards the airgap. Overall, it can be
said that the ferrite design can be operated with minimum

FIGURE 13. Contour plots of PM ﬂux densities at rated conditions: (a) rare-earth design and (b) ferrite design.
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this section, counterpart transient solutions in 2D and 3D
FEA using ANSYS Maxwell# environment is undertaken
to verify the obtained preliminary results. In Figures 14
and 15, the ﬂux linkages at no-load conditions, which have
been graphically compared for the different FEA simulations, exhibit close correlation. The good match is an indication that the end-winding effects in static 2D FEA are
correctly approximated.
5.

FIGURE 14. Comparison of ﬂux linkages in rare-earth
PM-FSM at no load.

FIGURE 15. Comparison of ﬂux linkages in ferrite PMFSM at no load.

CONCLUSION

The design and investigation of low-cost permanent magnet
ﬂux switching machines (PM-FSMs) for geared mediumspeed wind energy applications has been studied in this article. Two PM-FSM variants (one designed with ferrite PM
and the other designed using rare-earth PM) were optimized, analyzed, and veriﬁed in different 2D and 3D ﬁnite
element evaluations, at 10 kW power levels. Based on similar performance requirements, the toque density of the ferrite PM-FSM is 61.2% that of the rare-earth PM-FSM, but
with an estimated material cost savings of 35%. It is also
found that deep saturation occurs in the rare-earth design,
which lowers its demagnetization withstand ability, even
while operating below the nominal load. On the contrary,
the ferrite design only records high demagnetization risks
at load current values above rated, although the demagnetization rate rapidly increases afterwards. The fact that the
demagnetization risks for the ferrite is minimal below rated
condition is a key ﬁnding, especially for such low quality
grade PMs. Moreover, the regime below the nominal load
is the dominant operating region for the proposed wind
energy application; thus making the ferrite PM-FSM a suitable candidate as both a low-cost and robust design.
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