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Rare-Earth-Free Flux Switching Wind Generators at

Small- and Large-Scale Power Levels
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Abstract—In this study, the design optimization of rare-earth-
free flux switching machines (FSMs), viz., ferrite permanent mag-
nets (PMs) and wound-fields (WFs), 12-stator slots/10-rotor poles
(12/10) and 12/14, has been undertaken in finite element analyses
for wind generator applications, in both small-scale (10 kW) and
industrial-scale (3 MW) power levels. The focus is on the perfor-
mance feasibility of these machines to replace rare-earth PMs, as
well as on the suitability of the proposed machines for industrial-
scale wind power generation. Hence, it is found that the high torque
ripple effects typified by the flux focusing characteristics of FSMs
are not enhanced by simply using rare-earth-free materials in place
of rare-earth PMs, as is usually suggested. Among other listed find-
ings, it is also found that at 10 kW power, the ferrite PM–FSM
performs better in terms of lowest torque ripple and active mass,
for both machine configurations. At 3 MW power, WF–FSMs have
better torque densities, while ferrite PM–FSMs have better torque
ripple values, which result in drastic reductions in the cost of the
WF–FSMs at industrial-scale power levels compared to other sam-
pled wind generator topologies. To this end, a 10 kW WF–FSM
prototype of the considered variant was manufactured and tested
for the first time, with some novel implementations. Based on the
reported measured no-load to full-load tests, the study is proven
beyond reasonable doubt.

Index Terms—Ferrite permanent magnet (PM), finite element
analyses (FEA), flux switching machine (FSM), wind generator,
wound-field (WF).

I. INTRODUCTION

THE growth and development of wind energy for power
generation in the last few decades has been unprece-

dented, with wind power dominating the global net renewable
power generating capacity over the years [1], while prompting
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Fig. 1. Cross section of simple radial-flux three-phase PM–FSM topologies.
(a) 12/10 machine. (b) 12/14 machine.

significant interest in the design and manufacturing of wind
generators—a major component in wind turbines.

Meanwhile, recent works have focused more on the de-
sign and implementation of nonconventional machines for wind
power generation [2]–[4]. To this end, flux switching machine
(FSM) constitutes a typical nonconventional electrical machine
that is being applied for wind power generation due to its high
torque density, good voltage regulation, and efficiency as under-
taken in [5]. The traditional design of FSMs uses rare-earth per-
manent magnets (PMs) such as NdFeB or SmCo as overviewed
in [6]. However, recent studies [7]–[9] are beginning to focus
more on rare-earth-free topologies, such as ferrite PM or wound-
field (WF) topologies, due to the following major reasons:

1) PM–FSMs are PM-intensive machines with lowest torque
per PM mass ratio compared to the conventional PM
machines [8], while adopting so-called flux focusing
principles.

2) Rare-earth PMs are highly priced compared to ferrite PMs.
3) The market structure of rare-earth PMs is a monopoly.
As it stands, FSMs are increasingly gaining popularity, not

only in design and analyses, but in a wide variety of appli-
cations. Among the numerous topologies in existence today
and currently under development, it has been shown that the
simple radial-flux topology is proven as the most interesting
topology [6]–[9], among which are the three-phase 12-stator
slots/10-rotor poles (12/10) and 12/14 designs as illustrated in
Fig. 1. Already, a number of studies have considered the design
and/or analyses of these two machine variants based on PM field
excitation sources, [8]–[10] to mention a few. Although ferrite
PMs have been routinely used in such studies, but due to their
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Fig. 2. Proposed geared MS FS wind generator drivetrain.

low energy potentials, they are not so much popular like those
designed with rare-earth PMs.

As for the WF designs, the 12/10 and 12/14 topologies shown
in Fig. 1 were first conceptualized in [11], with comparable
torque capabilities to similar PM–FSM designs exhibited. How-
ever, eventually, only the 12/14 WF–FSM was analyzed in fi-
nite element analyses (FEA) without any design optimization
or experimental measurement reported, while the 12/10 topol-
ogy was entirely abandoned. Ever since then, no other study,
in the authors’ best knowledge, has considered these WF–FSM
topologies.

Much later, consideration on the preferred 12/10 WF–FSM
topology was intensified in [7] and [12]. While the current study
is meant to be a follow-up of the study in [7] where the fo-
cus was primarily on 12/10 rare-earth-free machines at 1.5 kW
power, it should be noted that the study in [12] was strictly on
the formulation of a multiobjective design optimization (MDO)
approach and how it influences the manufacturing and perfor-
mance indices of WF–FSMs, based only on the 12/10 topology
at 10 kW power. In this study, both the 12/10 and 12/14 (refer
to the Appendix for the speed and frequency range of both ma-
chines) WF–FSM and ferrite PM–FSM topologies are designed,
optimized, and characterized for small-scale (10 kW) and large-
scale (3 MW) wind generator applications. Toward the end,
one of the 10 kW 12/10 WF–FSM optimal design candidates is
nominated and experimented.

As indicated, the main motivation for this study is to expose
the potentials of these machine topologies for wind power gen-
eration as being done in transportation and aerospace systems
[8]–[10], [13]. Hence, because it is desired for wind generator
designs, like in most electrical machine systems, for the cost
of the total setup to be minimized as much as possible, one
way by which this can be conquered is to use easily accessible
and less expensive raw materials like WFs or ferrite PMs for
the excitation scheme. Besides, it remains to be seen the be-
havioral tradeoffs of these rare-earth-free FSMs upon dramatic
adjustments of their power range in a robust MDO environment.
Therefore, with the right power range, a proper account on the
effects of scaling the proposed wind generators can be made
available, especially to provide insights for wind generator de-
signers and manufacturers.

The optimum design characterization of both the 12/10 and
12/14 machines, implemented as rare-earth-free configurations,
would be undertaken in two-dimensional (2-D) static FEA, for
small-scale (10 kW) and large-scale (3 MW) wind generator
drives. The wind generator is proposed for the geared medium-
speed (MS) drivetrain illustrated in Fig. 2, which has been de-
clared as the best in terms of performance to cost index for
different generator topologies [14]. The focus of the study, how-
ever, is mainly on the electromagnetic design and analyses of the
wind generator itself in respect to other drivetrain components.

In the subsequent sections, a description of the design opti-
mization method used for the study is briefly recounted, after
which the optimization results are discussed for the designated
power levels. Thereafter, some selected optimal design sam-
ples are compared ab intra and inter alios to other conventional
wind generator topologies analyzed in the literature, within the
same drivetrain. The penultimate section is dedicated toward
comparing the 2-D FEA results with corresponding 3-D FEA
evaluations of some benchmark designs, especially toward high-
lighting the impacts of 3-D end effects in the 3 MW machines,
after which the last section is used to report the experimental
evaluation of a selected optimal 10 kW WF–FSM benchmark.

II. DESIGN OPTIMIZATION PROCESS

It is commonly agreed that in the design optimization of
electrical machines, a constrained multiobjective problem is the
preferred choice, due to many conflicting design parameters
competing for relevance [15]. However, the contention is still
on the preferred optimization algorithm—be it deterministic or
stochastic (metaheuristic). Whereas the former is fast, cheap,
and follows the gradient method, it is limited because it de-
pends on a predefined starting point which may lead the optimal
solution astray in the event that many local minima/maxima ex-
ist inside the search arena. Instead, stochastic algorithms which
are inauspiciously time and cost intensive are more flexible
and attractive to tackle global optimization problems. Although
there is equally no guarantee that a firm optimal solution can be
obtained with such metaheuristics because of their nongradient
solutions, however, there is a high chance that the final solution
lies very, very close.

Thus, the Nondominated Sorting Genetic Algorithm II
(NSGA–II) is a typically robust metaheuristic [16], which has
been basically adopted in this paper. A major highpoint in the
use of NSGA–II for electrical machine design optimization is
the fact that it can generate a Pareto optimal solution set when
invited to multiobjective problems as previously propagated in
[17] to brushless doubly fed induction machines.

To this end, NSGA–II linked by FEA evaluations is being es-
calated further in the design analyses of the proposed rare-earth-
free FSMs, based on a constrained MDO approach. Besides, the
optimization suite [18], where the NSGA–II functionality is
readily accessible, is used alongside a robust and versatile 2-D
static FEA open-source package—SEMFEM [19]. Both simu-
lation tools are interfaced as shown in Fig. 3. The 2-D FEA
workflow shows how each model is conceived and solved in
SEMFEM, and then tossed back-and-forth through the Visual-
DOC optimizer until some convergence is obtained.

The optimization problem to be tackled, which requires the
minimization of two objectives and the declaration of three
design constraints, is set up as follows:

F (x̄) =
[

MA

κδ

]
; G (x̄) =

⎡
⎣ pF

Pout

η

⎤
⎦ (1)

x̄ =[
α g J JF lst Dout Din Dsh bpm bF bpr bsls hys hF hyr t0

]
(2)
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Fig. 3. FEA design optimization procession.

Fig. 4. Highlights of key dimensional parameters as conceived. (a) PM–FSM stator lamination. (b) WF–FSM stator lamination. (c) Rotor lamination.

with MA representing the total active mass, κδ is the peak-to-
peak torque ripple, Pout is the output power, η is efficiency,
and pF is power factor. The selection of these parameters is
incumbent on the following.

1) Minimum mass: The total component mass of a wind
generator plays a significant role in determining not only
the size, but also the costs of the general wind turbine
assembly. Therefore, minimizing the generator mass is
bound to increase the power density at lower the drivetrain
manufacturing and installation costs.

2) Minimum torque ripple: A low torque ripple is critical for
the survival of the drivetrain, whereby it constitutes me-
chanical stress. Thus, because FSMs are generally known
to suffer from high torque ripple values, the objective tar-
get is meant to address this problem.

3) Maximum efficiency and power factor: A high efficiency
is important to improve the cost-energy ratio of not only
the wind generator, but also the overall system, while a
high power factor is required to minimize the size and cost
of the inverters.

Based on the 2-D FEA process, the end-windings have been
modeled accordingly as described already in [12]. Also, formu-
lations of the active mass, torque ripple, output power, efficiency,
and power factor used in the optimization process are as indi-
cated in [12]. A total of 12 and 13 design parameters (x̄) are
varied for the ferrite PM–FSM at 10 kW and 3 MW, respec-
tively. On the other hand, 14 design variables are registered for
the WF–FSM at both 10 kW and 3 MW power levels. The to-
tal design variables summoned at any time for the optimization
procedure is comprised in the array expression in (2), where
g is the airgap length, J is the armature current density, JF is

the field current density only for the WF–FSM design, lst is the
stack length, Dout is the stator outer diameter, Din is the stator
interior diameter, Dsh is the rotor shaft diameter, bpm is the PM
length only for the ferrite PM–FSM, bF is the field iron core
length only for the WF–FSM, bpr is the rotor pole width, bsls is
the stator slot opening width, hys is the stator yoke height, hF is
the field iron core width only for the WF–FSM, hyr is the rotor
yoke height, and t0 is a tapering factor for the rotor teeth. The
current angle α is defined as

α = tan−1
(
Iq/Id

)
(3)

where Iq and Id are the d- and q-axes currents of the phase
current, respectively. A visual representation of key dimensional
variables is attempted as shown in Fig. 4, for both the PM–FSM
and WF–FSM topologies.

Due to the high sensitivity of the WF–FSM designs to cop-
per loss which limits the efficiency requirements, their copper
windings were estimated at operating temperatures of 80 °C in
order to increase the design reliability, but that of the ferrite
PM–FSMs were retained at room temperature values (25 °C).
In addition, the efficiency and output power specifications are
administered differently depending on either the power level
or the type of field source used. For instance, the power limits
for all the kW designs was registered to at least 10 kW, while
that of the MW designs to at least 3 MW. The efficiency of all
3 MW designs was specified to at least 97%, while those of the
10 kW ferrite PM–FSMs and WF–FSMs were settled at “least”
minimums of 90% and 89%, respectively.

In NSGA–II, the primary fitness is evaluated based on domi-
nation level while the secondary fitness is evaluated based on the
diversity of the solution in its domination level, each fitness level
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TABLE I
NSGA-II PARAMETERS

Fig. 5. Pareto optimal fronts for different 10 kW ferrite PM–FSMs. (a) 12/10.
(b) 12/14.

represented as user-tunable parameters. Further descriptions on
these parameters are elucidated in [16]. Thus, for the different
simulations undertaken in this study, it was necessary to tune
the NSGA–II operators as indicated in Table I. The difference
observed in the mutation probability is because it is taken as the
inverse of the number of design variables considered for each
MDO problem category indicated. For each problem, the upper
and lower boundaries of the prescribed design parameters are
also fine-tuned to ensure geometrical feasibility. The results ob-
tained after each simulation are presented and discussed in the
subsequent section.

III. DESIGN OPTIMIZATION RESULTS AND DISCUSSIONS

The optimization results for the 12/10 and 12/14 machines at
10 kW and 3 MW are displayed in Figs. 5–8. At 10 kW power,
the optimal candidates of the 12/14 ferrite PM–FSM yield a
slightly smaller active mass and lower torque ripple values com-
pared to optimal candidates of the 12/10 ferrite PM–FSM, as
shown in Fig. 5. In Fig. 7, a similar outcome is represented for
the ferrite machines at 3 MW power levels, whereby decrease
in active mass is more significantly represented in the 12/14
optimal candidates compared to the 12/10 optimal designs.

On the other hand, Fig. 6 indicates that the 10 kW WF–FSM
optimal designs are not able to produce lower torque ripple
values usually expected of the 12/14 machines when compared
to their 12/10 counterparts. Rather, it is observed that the 12/10
machines achieve lower torque ripples much beyond the values
realizable in the 12/14 machines, but at a slightly bigger active

Fig. 6. Pareto optimal fronts for different 10 kW WF–FSMs. (a) 12/10.
(b) 12/14.

Fig. 7. Pareto optimal fronts for different 3 MW ferrite PM–FSMs. (a) 12/10.
(b) 12/14.

Fig. 8. Pareto optimal fronts for different 3 MW WF–FSMs. (a) 12/10.
(b) 12/14.

mass. As observed in Fig. 8, this tendency is further escalated to
more than 55% deficit of the lowest torque ripple feasible in the
12/10 machines compared to the 12/14 machines at 3 MW power
levels. This discrepancy is due to the efficiency requirements in
the WF–FSM, which is inherently limited by the presence of
the WF coils, and further suppressed by the higher core losses
of the 12/14 machines in relation to the 12/10 machines.
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TABLE II
PERFORMANCE COMPARISON OF DIFFERENT MACHINE CHARACTERISTICS FOR GEARED MS WIND GENERATORS

TABLE III
COMPARISON OF SOME BASIC OPTIMAL DESIGN PARAMETERS

Considering the 10 kW machines (Figs. 5 and 6), it is note-
worthy to see that the best optimum designs (lowest torque
ripple and smallest active mass) were obtained for the 12/10
and 12/14 ferrite PM–FSMs. However, the same cannot be said
for the 3 MW designs (Figs. 7 and 8), whereby the active mass is
generally smaller for both the 12/10 and 12/14 WF–FSMs, but
with lower torque ripple obtained in the 12/10 WF–FSM and
12/14 ferrite PM–FSMs. Essentially, a better mass minimization
occurs in the WF–FSMs compared to the ferrite PM–FSMs at
3 MW power levels by up to 34% and 28%, for the 12/10 and
12/14 machines, respectively. This is a very crucial find, espe-
cially given that the copper windings in the WF–FSMs were
modeled to the feasible temperature of 80 °C, unlike for the fer-
rite PM–FSMs which were kept at room temperature condition.

To discover the reason for the significant active mass min-
imization of the WF–FSM compared to ferrite PM–FSMs at
3 MW power levels, eight designs are initially benchmarked
from each of the obtained optimal solution sets and compared
as shown in Tables II and III. Based on the values reported, one
can observe that the discrepancy in mass, between the optimal
ferrite PM–FSM and WF–FSM designs at 3 MW power levels, is
influenced by interactions between the armature current density

and aspect ratio. In response to the set design optimization tar-
gets, it is noticed that the aspect ratios of the ferrite PM–FSMs at
3 MW power increased drastically, whereas its current densities
decreased in tandem, when compared to the 10 kW machines.
However, the same cannot be said for the 3 MW WF–FSMs,
whereby it is observed that similar values are maintained when
both parameters are compared accordingly. Thus, based on the
set of complete design points operated during the MDO process,
both feasible and infeasible, a linear relationship between the
armature (phase) current density and aspect ratio has been corre-
lated for the 3 MW rare-earth-free machines as shown in Fig. 9,
which confirms their optimal behavior in the liberal MDO design
space. Note that, the active optimal solutions of the 3 MW ferrite
PM–FSMs and WF–FSMs are mainly situated in the region of
current density values of 1−−1.5 A/mm2, as shown in Fig. 9.

Generally, Table II also reveals that the 12/14 machines result
in higher torque per active stack volumes compared to the 12/10
machines, irrespective of the type of rare-earth-free excitation
or operating power level. Some 3 MW rare-earth PM–FSMs
imported from [20], presents an exception to the case, whereby
a very sharp difference indicated for their armature current den-
sities is implicated as the main culprit.
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Fig. 9. Optimal partnership between current density and aspect ratio in 3 MW
rare-earth-free FSMs. (a) Ferrite PM–FSM. (b) WF–FSM.

In terms of total cost of active materials, the 12/14 rare-
earth-free machines are thus cheaper compared to their 12/10
machines as indicated. Again, the exception to the case (the
10 kW 12/14 WF–FSM benchmark) is due to the output power
exceeding the optimal 10 kW design threshold. On the other
hand, comparing the ferrite PM–FSM and WF–FSM shows that
the cost of the latter is higher for the 10 kW machines and lower
for the 3 MW machines due to tradeoffs observed in their total
active mass at the different power levels.

The latter rows in Tables II and III are provided to highlight the
comparative performance characteristics of the rare-earth-free
FSM design candidates at 3 MW power levels only in relation
to the rare-earth PM–FSMs considered in [20], as well as other
traditional geared MS wind generators sourced from the liter-
ature, viz., permanent magnet synchronous generator (PMSG)
and doubly-fed induction generator (DFIG). Information on the
key data for the PMSG and DFIG machines were retrieved from
the study in [21]. With this additional information, it is clearly
shown that the cheapest generator active material cost at 3 MW
power is expressed by the WF–FSM, compared to the rest.
Notwithstanding, the PMSG, rare-earth PM–FSM, and DFIG
systems produce significant torque densities compared to the
WF–FSM. This is because the PMSG and DFIG are designed at
lower rated speed and perhaps due to their large split and small
aspect ratios as indicated by the stator outer diameters and stack
lengths shown in Table III. Whereas, it should also be noted
that the rare-earth PM–FSM, in addition to the PMSG, are both
designed using high-energy quality rare-earth PMs. Yet, it must
be reiterated that the main interest in this study is to despise the
use of more expensive rare-earth PMs such as the PMSG and
the rare-earth PM–FSM, while on the other hand, for certain
DFIGs, the generator maintenance costs are exacerbated due to
their usage of slip rings and brushes.

Meanwhile, observe that the concentration of the optimum de-
sign solutions of the ferrite PM–FSM on lower armature current
densities and higher split ratios resulted in them being the most
expensive designs at 3 MW power levels. Based on the NSGA–II
optimization algorithm used in this study, the unlikely situation
obtained for the ferrite PM–FSM at industrial-scale power lev-
els could be resolved if only the margin of the aspect ratio is set
to smaller values (75–85%) while alternatively increasing the

TABLE IV
PER-UNITIZED REACTANCES AND INDUCTANCE RATIO

Fig. 10. Generalized magnetic field behavior of space phasor diagrams for the
different optimal FSMs. (a) 12/10 machine. (b) 12/14 machine. λd0, λq0 = d-
and q-axes flux linkage at no-load, λdl , λql = d- and q-axes flux linkage at full-
load, λM0, λMl = net armature-reaction flux linkage at no-load and full-load,
Id , Iq = d- and q-axes currents, I s = peak phase current.

margin of the split ratio before the MDO process is placed on
the spot.

Also, it is equally observed from Table II that the 3 MW
machine credited with the highest cost of generator active mate-
rial and lowest torque density, viz., the ferrite PM–FSM, yields
the best generator efficiency at over 99%, with the rare-earth
PM–FSM following closely. But because the copper resistivity
used in the design process of the ferrite and rare-earth PM–FSMs
were approximated at much lower temperature coefficients than
for the WF–FSM, the purported achievement of high efficiency
is therefore not conclusive. But, it should be noted that the
presence of the WF coils in the WF–FSM designs introduce
additional burden on the efficiency requirements.

Meanwhile, there appears to be a general misconception on
how much the flux focusing characteristics influence the torque
ripple in FSMs. Such claims have been made in [22], which ap-
pears to have been discredited in the resolved MDO scenario as
it appears in Table II, where the use of rare-earth-free materials
have not resulted in lower torque ripple values.

In Table IV, the synchronous per unit reactance of the FSM
benchmarks at different power ratings are compared. It is clearly
observed that similar range of low values is evinced, irrespec-
tive of the power level or whether the excitation is designed
with rare-earth or rare-earth-free materials. According to Boldea
et al. [4], such low reactance values (less than 1 p.u.) are
economically advantageous to the power converters. On the
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Fig. 11. General highlights of the studied rare-earth-free FSMs compared in per unit in terms of: (a) total active mass, (b) torque ripple, (c) phase current density,
and (d) aspect ratio (base values are taken on the 12/10 ferrite PM–FSM for each compared item).

TABLE V
COMPARATIVE PERFORMANCE CHARACTERISTICS OF 3 MW WF–FSM

BENCHMARKS IN 2-D AND 3-D FEA

other hand, high inductance ratios (Xd : Xq ) are mostly ob-
served in the 12/10 machines as against that of the 12/14 ma-
chines due to disparities in their optimum current angles (α)
shown in Fig. 10. It is further observed in Fig. 10 that, under
load, a complex d–q axes magnetic interchange erupts in both
machines such that the d-axis no-load flux (λd0) is weakened,
whereas that of the q-axis (λq0) becomes strengthened.

In summary, the relative characteristics of the 12/10 and 12/14
rare-earth-free FSMs are quantitatively compared at 10 kW and
3 MW power levels, in terms of some of the key design issues
studied, as shown in Fig. 11. Thus, the preferred solution for
the proposed rare-earth-free wind turbine generator, especially
at industrial scale, is nominated from the 3 MW WF–FSM de-
sign candidates. Hence, to partially substantiate the 2-D static
FEA evaluations, the two 3 MW WF–FSM benchmarks are
propagated in 3-D transient FEA evaluation as discussed in the
ensuing section.

IV. 3-D FEA EVALUATIONS

As easily understood, the overlapping of the phase coils over
the WF coils may portray significant effects in the end-windings
of WF–FSMs compared to ferrite PM–FSMs. Besides, it should
be noted that the current study has been used to report the
performance of these machines at industrial-scale power levels,
which makes it even more important to establish the accuracy
of the 2-D static FEA predictions by performing additional 3-D
FEA evaluations. The 3-D FEA is based on transient simulations
exercised using the commercial ANSYS Maxwell software. To
this end, the two 3 MW WF–FSMs benchmarks in the preceding
section have been nominated for the procedure.

The magnetic field distributions of the models in 2-D FEA,
as well as their magnetic flux density map in 3-D FEA, are both
displayed as shown in Fig. 12. Without doubt, the end-leakages
are highly dominant in the 3-D models as seen on all its sides,

Fig. 12. Magnetic flux distributions and flux densities at rated load condition
for the different 3 MW WF–FSMs. (a) 12/10 in 2-D. (b) 12/10 in 3-D. (c) 12/14
in 2-D. (d) 12/14 in 3-D.

Fig. 13. On-load phase flux linkage waveforms plotted over half electrical
period for the different 3 MW WF–FSMs. (a) 12/10. (b) 12/14.

including the surfaces defined at both ends of the axial path, as
well as inside the rotor shaft boundaries, compared to the 2-D
models. As a result, a decrease in the torque capability in the
3-D models as later compared in Table V is acceptable at face
value.

The on-load phase flux linkages evaluated in 2-D and 3-D
FEA are compared as shown in Fig. 13. The 12/14 machine
displayed good confidence with 2.2% discrepancy between both
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Fig. 14. Prototype development and testing of 10 kW WF–FSM. (a) Manufacturing parts. (b) Varnished coils. (c) Assembled machine. (d) Experimental rig.

techniques. However, a higher discrepancy (17.5%) is observed
in the 12/10 machine due to underestimation of the imposed
clearances of the phase end-winding in the end sections of the
lamination stack in 2-D FEA.

Table V shows the average electromagnetic torque, torque
ripple, and total copper loss readings evaluated in both 2-D
and 3-D FEA. As earlier insinuated, the differences observed
in the torque values due to end-leakage effects observed in the
3-D designs compared to 2-D, despite differences in the mesh
densities applied in 2-D (finer) as opposed to 3-D (coarser), is
the primary culprit for the torque ripple discrepancies.

V. EXPERIMENTAL VERIFICATION

In this section, the experimental validation of one of the rare-
earth-free FSM wind generator variants proposed in this study
has been exercised with a 10 kW WF–FSM optimal design,
escalated from the MDO process reported in Section III. The
choice of the WF–FSM over the ferrite PM–FSM is due to
its comparative excellent performance at 3 MW as shown in
Tables II and III, especially when compared to other conven-
tional geared MS wind generators. Moreover, the associated
characteristic concerns of PM topologies such as high demagne-
tization risks due to overheating of the PMs and their prohibitive
cost implications are none issues regarding this preference. Un-
like in classical WF machines, the studied WF–FSM topology
also exhibits a brushless status, with an ease for both voltage
regulation and thermal management.

Various stages describing the 10 kW WF–FSM prototype
development and testing have been photographically captured,
as shown in Fig. 14. The major highlight of the manufacturing
process is the implementation of novel segmentations of the

Fig. 15. Laboratory setup of the 10 kW WF–FSM wind generator drive.

stator laminations as typical in its counterpart PM–FSM variant,
thereby facilitating the preformation of both the phase and field
coils, among others. The preformed field coils were first inserted
into each of the resulting 12 stacked stator segments, followed by
their assembly on the circular stator end plates [see Fig. 14(a)],
and finally, the mounting of the preformed phase coils [see
Fig. 14(b)]. Due to the absence of PMs, eccentricity issues with
the stator assembly do not suffice [see Fig. 14(c)].

A layout of the laboratory test rig for the full current vector
controlled 10 kW generator prototype is illustrated in Fig. 15,
while Fig. 16 shows the rotor positional and pulsewidth mod-
ulated reference voltage signals superimposed onto the lagging
steady-state rated current waveform in the generator mode. In
Fig. 17, the FEA-predicted torque and phase voltage are com-
pared to measured results from no-load to full-load (9.8 A),



5780 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 54, NO. 6, NOVEMBER/DECEMBER 2018

Fig. 16. Measured generator steady-state rated signals at ≈ 180 r/min.

Fig. 17. Characteristics of the generator electromagnetic torque and phase
voltage against load current at rated field current and ≈ 180 r/min.

Fig. 18. Characteristics of generator efficiency and power factor versus load
current at rated field current and ≈ 180 r/min.

with a good confidence. The efficiency and power factor is also
compared as shown in Fig. 18, with a breakdown of the different
losses illustrated in Fig. 19. Some of the calculations invoked
during the measurements are articulated in the Appendix. Due
to 500 V (line voltage) operating limitation of the power con-
verters, the measurements were conducted at half the prescribed

Fig. 19. Breakdown of generator losses at ≈ 180 r/min.

TABLE VI
COMPARISON OF WINDING RESISTANCE

rated speed and with parallel circuits implemented for the field
and phase coils, although this does not impact the rated elec-
tromagnetic torque requirement. In Fig. 17, the slight increase
in generator terminal voltage with increasing load is due to the
complex cross magnetization in the space vector d- and q-axes
flux linkages earlier portrayed in Fig. 10. The discrepancies be-
tween FEA calculations and measurement, in terms of voltage,
torque, and power factor, especially at higher load current, are
due to ignored saturation effects and fringe leakages in the FEA
models, as well as unmitigated manufacturing errors.

Meanwhile, the deviations observed between the pre-
estimated and measured core losses shown in Fig. 19 are mainly
due to apparent overestimation of the end-winding coil resis-
tance, especially for the field winding coils compared in Ta-
ble VI. Despite a few manufacturing infractions incurred during
the fabrication of the 10 kW wind generator prototype, the prac-
tical measurements, were in general, mentored according to the
FEA-measured data.

VI. CONCLUSION

In this paper, two candidate FSMs (12/10 and 12/14) have
been optimally designed in FEA and evaluated for geared MS
wind generator drives using rare-earth-free materials, viz., fer-
rite PMs and WF coils. To escalate their potentials for industrial-
scale applications, the study was implemented at small-scale
(10 kW) as well as at large-scale (3 MW) power levels. From
the MDO results, it was found that the ferrite PM–FSM per-
forms better in terms of lowest torque ripple and active mass for
both machine configurations at 10 kW power, whereas at 3 MW
power, the WF–FSMs have better torque densities, while the
ferrite PM–FSMs have better torque ripple values. Overall, the
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minimization of the total active mass are better propagated in the
12/10 and 12/14 WF–FSMs compared to the ferrite PM–FSMs
at 3 MW power due to inherent tradeoff uncovered in their aspect
ratios and armature current densities. Consequently, to ensure
the feasibility of the optimal design, it becomes necessary for
the designer to appropriately set the margins of the aspect and
split ratios before engaging them in such MDO procedure.

Based on some optimal benchmarks and irrespective of the
power level, the 12/14 rare-earth-free machines were observed
to be cheaper compared to the 12/10 machines by at least
10%, with the latter exhibiting higher inductance ratios. By fur-
ther comparing the rare-earth-free benchmarks with rare-earth
PM–FSMs, as well as two other classical MS wind generators
(DFIG and PMSG), it was found, among other things, that, as
the power level shifts from 10 kW to 3 MW, an improvement
in terms of increased torque densities and reduced torque ripple
values is obtained for the understudied machines. But, it was
equally observed that the rare-earth-free designs do not exhibit
better torque ripple values compared to rare-earth PM–FSMs
as normally anticipated based on the flux focusing capabilities
of FSMs. Additionally, at 3 MW, the benchmark comparisons
revealed that the WF–FSM has the cheapest active material cost
while the ferrite PM–FSM has the highest efficiency, but with
significant underestimation of the copper resistance in the latter.

Thus, due to the interesting behavior observed for the
WF–FSM at 3 MW, a 10 kW optimal design variant is bench-
marked, manufactured, and tested for the first time, with some
novel improvising, to serve as experimental validation for the
study. The reported on-load measured results exhibited good
confidence in tandem with a cocktail of FEA predictions.

APPENDIX

A. Evaluation of Electrical Frequency

The flux switching (alternating magnetic field) characteristics
of FSMs within the same stator pole enable them to accomplish
full electrical cycle in one rotor pitch. Hence, the electrical
frequency, unlike in classical electrical machines, is given as

fe = nr Nr

60
(4)

where Nr is the rotor pole number and nr is as previously de-
fined. Thus, under the same speed operation as indicated in
Table III, the electrical frequency of the 12/10 and 12/14 ma-
chines is 60 Hz and 84 Hz, respectively.

B. Measurements of Some Parameters

The core loss measurement is given as

Pcore = ωeτmech − Pout − Pw f − 3I 2
s Rs (5)

where ωe is the electrical angular speed in rad/s, τmech is the input
mechanical torque in N·m, Pout is the electrical output power
in W, Pw f is the windage and frictional mechanical losses in
W, Rs is the phase winding resistance in 	, while Is retains its
former definition.

In order to institute uniformity with the efficiency calculated
from FEA as adopted from [12] in this study, which is simply

based on the total copper and core losses, the measured per unit
efficiency is thus evaluated as

η = Pout

Pout + 3I 2
s Rs + I 2

F RF + Pcore
(6)

where IF is the field current in A, RF is the field resistance in
	, and other parameters have their usual meaning.

Finally, the measured power factor and developed torque,
which is the electromagnetic torque, are calculated as

pF = Pout

3Is Vs
(7)

τe = ωeτmech − Pcore − Pw f

ωe
(8)

where Vs is the rms phase voltage in V, and other parameters
have their usual meaning.
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