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ABSTRACT An outer rotor double permanent magnet (PM) excited flux switching generator is designed
and optimized in this paper for direct drive wind turbine applications. This generator consists of two sets
of PMs: ferrite PMs embedded in the stator yoke and neodymium PMs sandwiched between the rotor
segments. In this regard, the main justification for employing ferrite PMs in the stator yoke is that the risk of
demagnetization of ferrite PMs at high temperatures is lower than that of neodymium PMs (the temperature
of the machine’s stationary parts is higher than that of its rotating parts). For the design of the machine, the
Taguchi design of experiments is deployed, while a decision-making algorithm based on the technique for
order of preference by similarity to the ideal solution is used to solve the contradiction that results from the
Taguchi design of experiments in the multi-objective design optimization process. During themulti-objective
design optimization steps, simultaneouslymaximizing the no-load phase voltage andminimizing the cogging
torque and total harmonic distortion of the no-load phase voltage are defined as the objective functions. The
optimally designed machine is prototyped and subsequently subjected to experimental validation to verify
the predictions in satisfying the objective functions.

INDEX TERMS DMA-TOPSIS, DPME-FSG, ETD, multi-objective optimization, POCs, wind turbine.

NOMENCLATURE
FSPM Flux Switching Permanent Magnet.
DDWT Direct Drive Wind Turbine.
PM Permanent Magnet.
DPME-FSG Double Permanent Magnet Excited Flux

Switching Generator.

The associate editor coordinating the review of this manuscript and

approving it for publication was Xiaodong Liang .

THD Total Harmonic Distortion.
ETD Taguchi Design of Experiments.
POCs Possible Optimum Combinations.
DMA-TOPSIS Decision-Making Algorithm based on

the Technique for Order of Preference by
Similarity to the Ideal Solution.

MEC Magnetic Equivalent Circuit.
MMF Magneto-Motive Force.
HAWT Horizontal Axes Wind Turbine.
VAWT Vertical Axes Wind Turbine.
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DVs Design Variables.
OFs Objective Functions.
MA Analysis of Mean.
DM Decision Matrix.
WD Weighted Decision.
SD Separation Distance.
PIS Positive Ideal Solution.
NIS Negative Ideal Solution.
Ci Relative closeness of each possible optimum

combination to the ideal solution.
3-D FEM three-dimensional Finite Element Method.

I. INTRODUCTION
Wind power generation systems are one of the most attrac-
tive renewable energy sources from scientific and industrial
viewpoints due to their high reliability, affordable costs, and
lack of harmful effects on the environment [1], [2], [3].
Since the elimination of gearboxes can result in more effi-
cient wind power generation systems, generators with an
inherent magnetic-gearing effect have attracted attention [4],
[5]. FSPM generators are one of the modern synchronous
generators that are employed in DDWT applications, and
the rotor structure of FSPM machines is often identical to
that of switched reluctance machines, without any windings
or PMs [6], [7]. In the conventional topologies of FSPM
machines, both the armature windings and the excitation
system are located on the stator structure, and significant
amounts of PMs are usually used in their structure [8], [9].
In [10] and [11], two separate outer rotor FSPM machines
were introduced. In [10], the rotor core was segmented,
and the neodymium PMs were mounted on the stator teeth.
In [11], the neodymium PMs were sandwiched on the stator
teeth. In contrast, two different inner rotor FSPM machines
were presented in [12] and [13]. In [12], the stator core
was divided into segments, and the neodymium PMs were
positioned inside the stator teeth; in [13], the neodymium
PMs were situated between the stator teeth. Furthermore, the
inner rotor FSPM machine was discussed in [14] and [15],
incorporating neodymium PMs placed in both the radial
and circumferential directions within the stator core. In this
regard, one of the challenges that may be encountered with
conventional FSPM machines, such as the outer rotor FSPM
machines that have been discussed in [10] and [11], or such
as the inner rotor FSPM machines that have been reported
in [12] to [15], is the demagnetization of PMs. This is
because the PMs are located in the stator core, which has
a higher temperature compared to the rotor core. Also, the
neodymium PMs lose their magnetization properties when
they are exposed to high temperatures. Therefore, in order to
avoid the demagnetization of PMs, the neodymium PMs of
the proposed outer rotor generator are sandwiched between
the rotor segments, which have a much lower temperature
compared to the stationary parts. In addition, the ferrite PMs,

FIGURE 1. (a) 3-D view of the basic topology; (b) MEC of the basic
topology; (c) 3-D view of the DPME-FSG; and (d) MEC of the DPME-FSG.

FIGURE 2. (a) Rotor at the first position, (b) rotor at the second position,
(c) rotor at the third position, and (d) rotor at the fourth position.

which are strong at high temperatures, are located in the stator
yoke [16], [17].

The proposed generator, known as the double perma-
nent magnet excited flux switching generator (DPME-FSG),
incorporates both ferrite and neodymium PMs in the stator
yoke and rotor segments, respectively. Compared to conven-
tional FSPM machines, this design provides higher power
density and a lower volume of neodymium PMs, which
are more costly than ferrite PMs. Furthermore, in order
to improve the no-load phase voltage, cogging torque,
and THD% of the no-load phase voltage in the initial
design of the DPME-FSG, the multi-objective design opti-
mization is conducted in three steps: ETD, POCs, and
DMA-TOPSIS.

This paper is organized as follows: Section II dis-
cusses the structure and concept of the DPME-FSG, while
Section III covers its design procedure. Section IV details
the multi-objective optimization steps of the DPME-FSG,
whereas Section V evaluates its performance. In Section VI,
the results of the prototyped DPME-FSG’s optimization tar-
gets are laboratory verified.

VOLUME 12, 2024 62257
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FIGURE 3. (a) Flux linkage among an electric cycle and (b) induced
voltage among an electric cycle.

FIGURE 4. Flowchart of the design and optimization of the DPME-FSG.

FIGURE 5. The defined dimensions of the DPME-FSG in (a) Rotor segment
and (b) stator core.

II. CONCEPT OF DPME-FSG
Figure 1 shows the structure and MEC related to DPME-FSG
and its basic topology. As shown in this figure, the ferrite
PMs in the stator yoke and the barriers in the stator teeth
distinguish the DPME-FSG from the basic topology. The
DPME-FSG incorporates two various types of PMs, one in
the rotor and one in the stator. In this regard, the mag-
netization direction of the rotor PMs (neodymium), which
are sandwiched between the rotor segments, is counter-
clockwise, but that of the stator PMs (ferrite), which are
located inside the stator yoke, is clockwise. Additionally, the
magnetization directions of the rotor PM and stator PM have
been selected in such a way that the resultant MMF at a pole
of the DPME-FSG is boosted. Also, two benefits result from
incorporating ferrite PMs into the stator yoke of the DPME-
FSG. Firstly, ferrite PMs do not experience demagnetization
because the temperature of the machine’s stationary parts
is higher than that of its rotating parts, and the demagne-
tization risk related to ferrite PM at high temperatures is
lower than that of neodymium PM. Secondly, ferrite PMs are

significantly more affordable compared to neodymium PMs.
Moreover, the flux barriers are provided in the stator teeth
of the DPME-FSG to separate the positive and negative half
cycles of flux linkage between the rotor segments and stator
teeth. As a consequence, the power density of theDPME-FSG
is higher than that of the basic topology, and in addition
to the increased power density, the smaller volume of PMs
and greater resistance of PMs against demagnetization are
other benefits of the DPME-FSG over conventional FSPM
machines. According to the MECs shown in Fig. 1, MMFpr
and MMFps relate to the MMF source that is led by the rotor
PMs and the stator PMs, respectively. In this context, the
leakage reluctance of rotor PMs and stator PMs is referred
to as Rpr and Rps, respectively. Additionally, the reluctance
of the rotor segments and the stator core, which are respec-
tively known as Rcr and Rcs, are both constant. On the other
hand, the salient pole structure of FSPM machines causes
the air-gap reluctance (Rg) to be variable during an electric
cycle. The flux linkage path in four different rotor positions
during an electric cycle is shown in Fig. 2. As shown in
Fig. 2 (a), the air-gap reluctance is at its minimum due to the
alignment of the rotor segments and stator teeth, which causes
the flux linkage to reach its maximum value. When the rotor
PM is aligned with the stator tooth (see Fig. 2(b)) and flux
leakage is ignored, the flux linkage is zero because the air-gap
reluctance is at its maximum value. Fig. 2 (c) demonstrates
that in the third position during an electric cycle, the rotor
segments and stator teeth will be aligned, and the air-gap
reluctance will be at its lowest value, identical to the first
position depicted in Fig. 2 (a). The values of flux linkage in
the first and third positions are the same; however, the signs
are different due to the fact that the flux linkage paths in the
first and third positions are located among the inward and
outward sides of the coil, respectively. The flux linkage in
the fourth position during an electric cycle (see Fig. 2 (d))
is similar to the second position (see Fig. 2 (b)). On top of
that, Fig. 3 (a) shows the flux linkage during an electric cycle,
while Fig. 3 (b) depicts the induced voltage during an electric
cycle, which is the derivation of the flux linkage during an
electric cycle. It can be seen that the rotation of the salient
pole rotor of the DPME-FSG leads to the induction of a
sinusoidal voltage during an electric cycle in a phase coil.

III. DESIGN OF DPME-FSG
The design procedures of the DPME-FSG, which has been
developed for use in DDWT, are going to be discussed in
this section. In this regard, the design and multi-objective
optimization processes of the DPME-FSG are depicted in
Fig. 4. This flowchart shows that selecting the operating point
of the wind turbine is the first step in the design process.

A. WIND TURBINE SPECIFICATION
The HAWT and VAWT are two common wind turbine
types. This paper employs HAWT instead of VAWT due to
the higher wind energy absorption and efficacy of HAWT.

62258 VOLUME 12, 2024
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TABLE 1. Initial design parameters of DPME-FSG.

Furthermore, (1) provides the DDWT power [18].

PT = 0.5CPAWV 3 (1)

where, PT is HAWT’s power [W], CP is power coefficient of
HAWT, AW is blades swept area [m2], and V is wind velocity
[m/s]. In this context, the tip-speed ratio and blade pitch angle
determine the power coefficient of the turbine. Furthermore,
the tip-speed ratio (λ ) is expressed by (2), where ωr is the
turbine’s angular velocity and R is the blade radius.

λ =
ωrR
V

(2)

Moreover, the equation presented in (3), which depicts the
relation between the turbine’s nominal power and rated speed,
is one of the most determining factors of the machine’s design
procedure.

ωr ∝ P−0.487
T (3)

B. INITIAL DESIGN
The performance of DPME-FSG is highly dependent on the
number of rotor poles, as the rotor poles are responsible for
flux modulation in the DPME-FSG. In this regard, (4) and (5)
present the equation of the machine’s synchronous frequency
and the relation between the number of rotor poles and the
number of stator slots, where fs, nm, Nr , and Ns are the syn-
chronous frequency, the synchronous speed, the number of
rotor poles, and the number of stator slots, respectively [19].

fs =
nmNr
60

(4)

Ns = 2(Nr ± a), a = 1, 2, 3, . . . (5)

TABLE 2. DVs of DPME-FSG.

TABLE 3. Levels of DVs.

The equation for the outer diameter of the stator (Dso) is given
in (6), where Te is the electromagnetic torque generated by
the interaction of magnetic loading and electric loading, Bν is
the magnetic loading, Aων is the armature winding electrical
loading of the harmonic with ν-pole-pair, cosϕν is the load
power factor, and la is the active length of the machine [20].

Dso =

√
Te

π
4 BνAων cosϕν la

(6)

The armature winding electrical loading of the harmonic
with ν-pole-pair is expressed in (7), in which m is the phase
number, Nph is the phase turn number, kων is the winding
factor of νth order, and Imax is the maximum armature current
value.

Aων =
mNphkωνImax

πDso
(7)

In addition, the rotor pole arc coefficient (Cs) can be applied
to determine the rotor tooth angle (see Fig. 5) using (8)
and (9), where, Wrt and Bavg are the rotor tooth angle and
the average magnetic flux density, respectively.

Wrt ≈
πCs
Nr

(8)

Cs =
Bavg
Bν

(9)

Moreover, the dimensions of PMs in the rotor segments and
stator yoke can be determined using equations (10) to (15)
(see Figs. 1 and 5):

MMF = (Rcr + Rcs + Rg + Rpr + Rps)ϕ (10)

MMF = MMFpr +MMFps (11)

MMFpr = BprLprHpr (12)

Rpr =
Wpr

µ0µrLprHpr
(13)

MMFps = BpsLpsHps (14)

VOLUME 12, 2024 62259
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FIGURE 6. MA of (a) no-load voltage, (b) cogging torque, and (c) THD%
(for no-load phase voltage).

Rps =
Wps

µ0µrLpsHps
(15)

Here, ϕ represents the flux between the stator teeth and the
rotor segments, Bpr is the residual flux density of the rotor
PM, Lpr is the length of the rotor PM, Hpr is the height of
the rotor segments, Wpr is the width of the rotor PM, µ0 is
the air permeability, and µr is the relative permeability. Also,
Bps is the residual flux density of the stator PM, Lps is the
length of the stator PM, Hps is the height of the stator core,
andWps is the width of the stator PM (see Figs. 1 and 5). The
dimensions of the stator core can also be obtained using the
following relations (see Fig. 5):

Dso − Dsh = 2(Wsy + Lsl) (16)

Lsl =
Ac

kfWsl
(17)

τs = Wsl +Wst (18)

where Dsh is the diameter of the shaft, Wsy is the width of
the stator yoke, Lsl is the length of the stator slot, Ac is the
coil side surface, kf is the fill factor, Wsl is the slot width
of the stator, τs is the pole pitch of the stator, and Wst is the
width of the stator tooth. In this regard, Table 1 presents the
specifications of DPME-FSG’s initial design.

IV. MULTI-OBJECTIVE OPTIMIZTION OF DPME-FSG
In this section, the initial design of DPME-FSG is going to
be subjected to multi-objective optimization. In this regard,
the multi-objective optimization procedure consists of three
components: 1- ETD, 2- POCs, and 3- DMA-TOPSIS.

A. ETD
Selecting the DVs is the first step in multi-objective optimiza-
tion. In this study, DVs represent the geometric parameters
of DPME-FSG, where the width of the rotor PM, the width
of the stator PM, the rotor tooth angle, and the stator tooth

TABLE 4. Orthogonal arrays.

TABLE 5. Influence proportion of each DV on the OFs.

angle have been selected as DV1, DV2, DV3, and DV4,
respectively. In this regard, Table 2 lists the DVs presented in
this paper. In the Taguchimethod, eachDV can have a number
of levels; in this work, five levels are going to be considered
for each DV, as shown in Table 3. Moreover, he no-load
phase voltage, cogging torque, and THD% of the no-load
phase voltage are the OFs. Achieving the highest value of the
no-load phase voltage as well as obtaining the lowest value
in the cogging torque and THD% (for no-load phase voltage)
are the goals of multi-objective optimization. Therefore, the

62260 VOLUME 12, 2024
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FIGURE 7. Relative closeness of each POC to the ideal solution.

FIGURE 8. (a) No-load phase voltage, (b) cogging torque, and
(c) harmonic spectrum of the initial design and optimized DPME-FSG.

ETD has been provided to evaluate the impact of each DV
on the optimization objectives. In the case of four DVs with
five levels, 54 = 625 experiments need to be conducted; this
makes the optimization process extremely time-consuming.
In order to tackle this problem, the Taguchi method provides
L25 orthogonal arrays that reduce 625 experiments to 25.
These experiments, which are known as orthogonal arrays,
are presented in Table 4. In addition, the average of OFs in

TABLE 6. POCs to achieve optimum value of each OF.

TABLE 7. POCs of DVs.

TABLE 8. Characteristics of initial design and optimized DPME-FSG.

the proposed levels of each DV can be determined using MA,
as addressed in (19) [21] and [22].

fmxi =
1
nL

5∑
j=1

fxi(j) (19)

where x is the DV, fmxi is the average of the OF in the ith level
of x, j is the experiments in which x is in the ith level, and
nL is the number of levels of DVs. Figs. 6 (a) to (c) show the
MA of the no-load phase voltage, cogging torque, and THD%
of the no-load phase voltage, respectively. Additionally, the
following equations can be used to calculate the influence
proportion of each DV on the OFs (Ix) [21], [22]:

fm =

25∑
n=1

f (n) (20)

vx =

5∑
i=1

(fmxi − fm)2 (21)

Ix =
vx
4∑
s=1

vs

(22)

where fm is the overall mean of the OF, f (n) is the OF, n is the
number of experiments, vx is the variance of DV x for an OF,
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and S is the number of DVs. Moreover, Table 5 provides the
influence proportion of each DV on the OFs.

B. POCs
Table 6 provides the best possible combinations of each DV
to achieve the optimum value of each OF. In this study,
multi-objective optimization is investigated, and since there
is a conflict among the best possible levels of DVs, Table 7
proposes the possible optimum cases.

C. DMA-TOPSIS
DMA-TOPSIS is employed to determine the optimum case
among POCs of DVs, as proposed in Table 7. In this regard,
the DM can be expressed as:

DM =


402.84 0.45 4.78
396.43 0.97 4.07
384.70 0.31 7.61
380.35 0.34 6.75

 (23)

In the presentedDM, the first, second, and third columns refer
to no-load phase voltage, cogging torque, and THD% (no-
load), while the first, second, third, and fourth rows belong to
each POC. Moreover, the equations given in (24) to (26) can
be employed to determine the WD matrix (WDij), where Rij
is the normalized decision matrix, Xij is the elements of DM,
m is the number of the cases, wj1 is the weight of the first OF,
i.e., the no-load phase voltage, wj2 is the weight of the second
OF, i.e., the cogging toque, and wj3 is the weight of the third
OF, i.e., the THD% (for no-load phase voltage) [23], [24].

Rij =
Xij
m∑
i=1

Xij

(24)

wj = [wj1,wj2,wj3] (25)

WDij = Rijwj (26)

In this study, the weights of all OFs are assumed to be equal
to 1/3, considering their same importance. Moreover, the SDs
can be obtained by employing the equations that are depicted
in (27) and (28), where SD+

i is the SD of the ith POC from
the PIS, SD−

i is the SD of theith POC from the NIS, WD+

j
is the PIS in the jth column of the WD, WD−

j is the NIS in

the jth column of theWD, and no is the number of POCs [25].

SD+

i =

√√√√ no∑
j=1

(WD+

j −WDij)2 (27)

SD−

i =

√√√√ no∑
j=1

(WD−

j −WDij)2 (28)

The relation ofCi can be expressed as (29), as well as the case
with the highest value of Ci is the best combination.

Ci =
SD−

i

SD−

i + SD+

i

(29)

FIGURE 9. (a) Magnetic flux density and (b) iron loss density in the stator
core of the DPME-FSG.

FIGURE 10. Losses in various parts of the DPME-FSG (calculated by 3-D
FEM).

In this regard, Fig. 7 shows the Ci of the four possible
cases, indicating that the highest value of Ci is associ-
ated with the first case, which is selected as the optimum
combination of DVs. Moreover, Fig. 8 compares the output
characteristics of the initial design and the optimized DPME-
FSG. In the initial design and the optimized DPME-FSG,
the peak value of the no-load phase voltage is ∼314 V and
∼403 V, respectively (see Fig. 8 (a)). Also, the peak value of
the cogging torque, which in the initial design was 1 N.m.,
was reduced to 0.45 N.m. in the optimized machine (see
Fig. 8 (b)), while the THD% of the no-load phase voltage
was 10.99% in the initial design, but after optimization,
it decreased to 4.78% (see Fig. 8 (c)). In this context, the
output characteristics of the initial design and the optimized
DPME-FSG are listed in Table 8. The comparison between
the initial and final designs of the DPME-FSG demonstrates
considerable improvements in achieving the aims of multi-
objective optimization, namely in maximizing the no-load
phase voltage, minimizing cogging torque, and reducing
THD%.

V. PERFORMANE EVALUATION OF DPME-FSG
In this section, the proposed DPME-FSG is going to be
evaluated from the viewpoints of electromagnetic, thermal,
and PMs’ demagnetization, and it is also compared to its basic
topology from the aspects of electromagnetic and thermal,
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FIGURE 11. (a) Temperature distribution in the stationary parts of the
basic topology and (b) temperature distribution in the stationary parts of
the DPME-FSG.

FIGURE 12. (a) Magnetic field strength, (b) magnetic flux density, and
(c) B-H curve for ferrite PM.

FIGURE 13. (a) Magnetic field strength, (b) magnetic flux density, and
(c) B-H curve for neodymium PM.

which is distinguished from DPME-FSG due to the lack of
stator PMs and barriers.

A. IN TERMS OF ELECTROMAGNETIC ANALYSIS
Adding ferrite PMs to the stator yoke of the DPME-FSG will
increase its power density compared to its basic topology.
Also, the peak of the no-load phase voltage and THD%

FIGURE 14. Test rig for the validation of DPME-FSG.

FIGURE 15. Various parts of the prototyped machine: (a) stator core and
stationary shaft; (b) stator and ferrite PMs; (c) stationary parts; (d) holder;
(e) rotating parts; and (f) assembled DPME-FSG.

(no-load) for the DPME-FSG are ∼403V and ∼4.8%,
whereas they are ∼398V and ∼6.4% for the basic topology;
however, the cogging torque of the basic topology is slightly
lower than that of theDPME-FSG. Furthermore, themagnetic
flux density in the stator core of the DPME-FSG is shown in
Fig. 9 (a), and it can be seen that the magnetic flux density
distribution in the stator core is rational. The iron loss density

VOLUME 12, 2024 62263
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FIGURE 16. (a) No-load phase voltage and (b) full-load phase voltage.

FIGURE 17. Loading curve of the prototyped DPME-FSG.

in the stator core is shown in Fig. 9 (b). It is evident that the
stator teeth, which are located in front of the air-gap, exhibit
the highest value of the loss density. Fig. 10 also presents
the loss values for each part of the DPME-FSG. This figure
clearly shows that the windings with the value of 224 W
exhibit the highest losses, while the rotor segments with the
value of 6.4 W have the lowest losses.

B. IN TERMS OF THERMAL ANALYSIS
The presence of barriers in the stator teeth of the DPME-FSG
serves two purposes: it separates the positive and negative
half cycles of the flux linkage between the rotor segments
and stator teeth, and it has a favorable effect on the tem-
perature of various parts of the DPME-FSG. Fig. 11 shows
the temperature distribution in the stationary parts of the
basic topology and DPME-FSG. T1 and T1′ indicate two
analogous points measured at the end-winding of the basic
topology and DPME-FSG, respectively. The temperature val-
ues at these points are 124.12◦C and 117.59◦C, respectively.
T2 and T2′ are two identical points measured at the stator
tooth of the basic topology and DPME-FSG, respectively,
with temperatures of 118.82◦ and 111.73◦. Additionally, T3
and T3′ represent two similar points measured at the stator
yoke of the basic topology and DPME-FSG, respectively,
with temperatures of 100.89◦C and 98.71◦C. By comparing
the temperature values of the basic topology andDPME-FSG,
the temperature drop in DPME-FSG can be observed.

C. IN TERMS OF DEMAGNETIZATION ANALYSIS
In the DPME-FSG, which employs two types of PMs,
demagnetization analysis of the PMs is inevitable, as demag-
netization of the PMs leads to a drop in the machine’s

TABLE 9. Torque measurements under conditions of no-load and
full-load.

performance. In this regard, Figs. 12 and 13 show the
magnetic field strength distribution, magnetic flux density
distribution, and B-H curve for the AC-8 ferrite PM and
N35 neodymium PM, respectively. Due to the fact that the
temperature value of the stator PM and rotor PM for the
DPME-FSG is 101◦C and 59◦C, respectively, the B-H curve
related to temperatures of 20◦C (reference temperature) and
100 ◦C for the stator PM as well as the B-H curve related
temperatures of 20◦C and 60 ◦C for the rotor PM are extracted
from the data sheets of the Arnold factory. In this regard,
the values of the magnetic field strength and magnetic flux
density for the ferrite PMs and the neodymium PMs that are
presented in Figs. 12 and 13 demonstrate that the stator PMs
and the rotor PMs do not demagnetize.

VI. EXPERIMENTAL VERIFICATIONS
As shown in Fig. 14, an experimental platform has been
developed to verify the results of the 3-D FEM-analyzed
optimization objectives, including no-load phase voltage,
cogging torque, and THD% (no-load). To carry out an
in-depth assessment, the prototyped DPME-FSG is also eval-
uated under full-load. Fig. 15 shows the various parts of the
prototyped DPME-FSG. As shown in this figure, the silicon
steel M600 laminated stator core with AC-8 ferrite PMs is
affixed to the structural steel 316 stationary shaft, while wind-
ings are wound as 3-phase on stator teeth. Moreover, silicon
steel M600 laminated rotor segments with N35 neodymium
PMs are affixed to the aluminum holder, followed by the
addition of caps, pillar, and the rotating shaft. Fig. 16 (a)
shows the no-load phase voltage of the optimized DPME-
FSG. As shown in this figure, the peak value of the back-EMF
measured in the lab is 387.1 V, which is ∼3.89% less than
its predicted value by the FEM. Moreover, the rated phase
voltage of the optimized DPME-FSG is shown in Fig. 16 (b),
where the peak value of the full-load phase voltage measured
in the lab is 334.4 V and its value in FEM is 350.9 V. Fig. 17
also depicts the curves related to the output power, current,
and voltage regulation% of the optimized and prototyped
DPME-FSG. As shown in this figure, the voltage regulation%
should not exceed 15% regarding the system’s requirements,
whereas the nominal output power of the DPME-FSG in the
lab is ∽2.1 kW, which is within the acceptable range for
voltage regulation%.
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FIGURE 18. (a) Harmonic spectrum at no-load and (b) harmonic spectrum
at full-load.

FIGURE 19. Evaluation of the output power and losses of the DPME-FSG.

Furthermore, Table 9 presents the values associated with
the cogging torque and the rated torque. The laboratory
measurements indicate that the peak value of the cogging
torque is 0.49 N.m. and the RMS value of the rated torque is
30.95 N.m. However, the FEM predicts that these values are
0.45 N.m. and 33.61 N.m., respectively. On top of that, the
harmonic spectrum of the DPME-FSG under both no-load
and full-load conditions can be seen in Fig. 18 (in the lab).
Where the THD% in the no-load condition is 4.99%, while
it is 2.34% in the full-load condition. Fig. 19 compares the
output power, total losses, and efficiency calculated between
the 3-D FEM and lab results. As can be seen from Fig.19, the
difference between the 3-D FEM and the experimental test in
terms of output power, total losses, and efficiency is 10.56%,
7.86%, and 2.28%, respectively. Moreover, Fig. 20 provides
the output power and temperature values of the DPME-FSG
at various operating points. As can be seen from this figure,
the temperature of the machine at 200% of the rated load,
calculated by the 3-D FEM, is within a prohibited temperature
range. Consequently, the output power and temperature of the
DPME-FSG at 200% of the rated load are not measured in the
laboratory in order to avoid damage to the windings and PMs.

FIGURE 20. Evaluation of the DPME-FSG performance under various
resistive loads.

VII. CONCLUSION
In this paper, an outer rotor DPME-FSG was designed and
optimized for use in DDWTs. This prototyped generator
gains simultaneously from ferrite PMs inside the stator yoke
and neodymium PMs between the rotor segments. The initial
design of the DPME-FSG is optimized to enhance the no-load
phase voltage, cogging torque, and THD% (no-load). This
multi-objective optimization is carried out in three steps,
i.e., ETD, POCs, and DMA-TOPSIS. The no-load phase volt-
age of the DPME-FSG has increased by 28.2% compared to
the initial design, whereas its cogging torque and THD%have
decreased by 55% and 56.5%, respectively, related to the ini-
tial design. In addition, the power density of the DPME-FSG
is higher than that of the basic topology, which employed
only neodymium PMs in the rotor. The results achieved in the
laboratory under both no-load and full-load conditions are in
excellent agreement with the 3-D FEM simulation analysis.
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