
����������
�������

Citation: Bharathi, M.; Akuru, U.B.;

Kumar, M.K. Comparative Design

and Performance Analysis of 10 kW

Rare-Earth and Non-Rare Earth Flux

Reversal Wind Generators. Energies

2022, 15, 636. https://doi.org/

10.3390/en15020636

Academic Editors: Rong-Jie Wang

and Maarten J. Kamper

Received: 23 December 2021

Accepted: 13 January 2022

Published: 17 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Comparative Design and Performance Analysis of 10 kW
Rare-Earth and Non-Rare Earth Flux Reversal Wind Generators
Manne Bharathi 1,* , Udochukwu Bola Akuru 2,* and Malligunta Kiran Kumar 1

1 Electrical and Electronic Engineering, Koneru Lakshmaiah Educational Foundation, Guntur 522502, India;
mkkumar@kluniversity.in

2 Department of Electrical Engineering, Tshwane University of Technology, Pretoria 0183, South Africa
* Correspondence: bharathi.manne1994@gmail.com (M.B.); AkuruUB@tut.ac.za (U.B.A.);

Tel.: +91-70-755-50797 (M.B.)

Abstract: Generators are a key technological element of the wind energy generation system. Cur-
rently, there is an increasing interest in adopting non-conventional stator-mounted permanent magnet
generators, e.g., flux reversal generators (FRGs), which is a good alternative to conventional syn-
chronous generators for medium-speed wind turbine generator applications. The usage of FRG with
rare-earth (RE) permanent magnets (PMs) is increasing due to their high efficiency and high power
density factors. However, RE PMs are unattractive to wind generators in terms of their cost and
unpredictable market supply. In this paper, an attempt is made to study the potential of FRG with
non-rare earths (ferrite PMs) for wind generators. The three-phase, 6/8 pole FRG is designed and
compared with RE and NRE PMs for wind generator application at 375 r/min, 10 kW. Using 2D FEA,
both the generators are compared in terms of their power generating performance with excellent
overload capability. It shows that the average efficiency of the generators is approximately similar,
but the torque density of NRE-FRG is only 51% that of RE-FRG. The NRE-FRG design is heavier,
with the total active mass being 2.6 times higher than the RE-FRG, but with the estimated total active
material cost of both generators almost the same. Moreover, the toque ripple for RE-FRG is 64%
higher than for NRE-FRG. The demagnetization risk analysis was performed, and it is found that at
higher temperatures, RE-FRG structures are prone to higher demagnetization risks, while it is much
lower in NRE-FRGs. In summary, it is found that NRE-FRG is a suitable alternative to RE-FRG for
medium-speed wind turbine generator applications in the 10-kW power range.

Keywords: finite element analysis (FEA); flux reversal generator (FRG); medium-speed; non-rare
earth (NRE); permanent magnet (PM); rare earth (RE); wind turbine generator

1. Introduction

Generators are a key technological element of the wind energy generation system.
Recently, there has been an increasing growth and prominence of wind energy generation
development, which has dominated the overall renewable power generating capacity and
is considered one of the fastest growing renewable energy sources with an installed capacity
of 651 GW by the end of 2020 [1]. This encourages researchers’ interest in designing and
manufacturing wind generators for various power levels [2]. Wind energy generators
acquire various types of AC generators, such as induction generators, permanent magnet
synchronous generators (PMSG), and non-conventional stator PM generators. Permanent
magnet synchronous generators (PMSG) with permanent magnets on the rotor are attractive
for high power wind energy generation applications because of their high energy yield
compared to other induction and electrical-electrical synchronous generators [3].

Stator-mounted PM machines have been recently experimented for wind generator
applications [4,5]. With a simple and robust rotor, these machine variants provide ease of
cooling since active parts are stator mounted, as well as reduced risk of demagnetization [6].
The flux reversal machine (FRM) is a typical non-conventional stator-mounted PM machine,
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in which both PMs and armature windings are located on the stator, leaving the rotor simple
and robust as it resembles that of the switched reluctance machine (SRM). Then, the PMs
are mounted on the stator pole shoe of the FRM with potentials for high power density
compared to similar PM machines [7–10].

The traditional design of FRM uses rare earth (RE) PM options such as Nd-Fe-B,
N38SH, and Sm-Co. RE PMs are expensive and their supply uncertainty has forced
researchers to find alternatives, e.g., non-rare earth (NRE) PMs. NRE-PMs are several times
cheaper, and the resources and extraction are more mature across various countries of the
world compared to RE, but they carry greater demagnetization risks due to lower coercive
force [11]. Nevertheless, FRG is shown to possess unique characteristics that reduce the
demagnetization risks at rated load conditions [12].

Numerous FRG structures have been proposed in the past few years for wind/generator
applications. For the first time, the single phase 2/3 pole FRG with Sm-Co magnet structure
was proposed as a high-speed claw-pole alternator in 1997 [13]. Then, the direct and quan-
titative performance comparisons are made with other competing brushless generators
by using the flux-mmf diagram technique, which is superior to the generalized generator
modeling techniques in this class. It was shown under experimentation that FRG possesses
a unique flux nature and small inductance variation with rotor position. Based on the struc-
ture best suitable for high-speed and high-power applications, this is the most competitive
among other brushless generators.

In [14], the study considered the comparison of PM FRGs based on commonly used
concentrated winding as against distributed winding; the superiority of later in terms
of voltage quality, with smoother and much lower total harmonic distortion, was clearly
emphasized. It must be said that the PM material used for the study in [14] is based on RE
technology. In [15], the simple and rugged construction of FRGs, with high power density
and fault-tolerant capability, was exploited for roof-top wind and aircraft generators. To
this end, a novel ring outer rotor FRG with the inner bridge is proposed to improve the
power factor, voltage regulation, and flux leakages inherent in FRGs. It was conclusively
shown that the inner bridge PM ring FRG, improves the average air-gap flux density and
reduces cogging torque while reducing flux leakage and thereby improving the power
factor compared to conventional 6/14 pole outer rotor topology.

In [16], it was explained that the high specific torque characteristics and simple rotor
topology of a 2.4 kW three-phase 6/14 pole 214 r/min FRG make it suitable for low-speed
direct-drive wind power generation systems, no thanks to their high number of poles. The
study also compared the outer and inner rotor configurations, showing that the outer rotor
FRG exhibit a higher power density of up to 1.25 times that of the inner rotor variant.

In [17], a soft magnetic composite (SMC) core material FRG is designed for gearless
wind generator mode at 0.6 kW and 650 r/min. The SMC core is still RE-based, only that it
is cheaper and can be easily magnetized and demagnetized. The findings from the study
revealed that the active mass of the SMC FRM is reduced by 21% compared to the one
whose rotor is purely contrived by steel laminations. The efficiency of the former is also
improved by 7% due to reduction of the rotor losses. In [18], a novel 4-phase FRG with DC
electromagnet excitation is proposed for wind power generation. When compared with
a corresponding PM FRG design, the overarching advantages are that the DC design can
vary its airgap flux density under varying wind resource conditions and is cheaper.

The research trend in FRG design and applications clearly shows that NRE materials
are emerging. Such studies abound in other stator-mounted brushless machines [19,20].
Based on this research, ferrites (NRE) materials are appearing as suitable replacements for
RE-type machines. To this end, the main motivation of this study is to expose the potential
of NRE over RE PM material in FRG for geared medium-speed wind power generator
applications. This is ideal for wind turbine generator designs because, just as other ferrite
electrical generators, it reduces overall generator costs while also allowing easily accessible
ferrite raw materials to be used for the machine’s excitation system. Furthermore, the
existing literature has not highlighted the design of NRE FRG using ferrite PMs, indicating
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a need to investigate the performance comparison of NRE versus RE FRGs. The selection of
the medium-speed range is thanks to its competitive generator performance to cost index
compared to geared high-speed and gearless systems [19].

In this study, a three-phase, 6/8 pole FRG designed with RE and ferrites PM, with
similar parameters and characterization for a 10-kW power scale, is investigated using
finite element analysis (FEA). The proposed 10 kW power range being investigated is
clearly a niche power level of lower power limit small wind turbines, the so-called micro
wind power generation units [2,21,22]. Further, both machines, NRE and RE FRGs, are
compared in terms of their electromagnetic operating performance such as output voltage,
torque density, power factor, torque ripple, as well as efficiency at either no-load or rated
conditions. Thereafter, mass and cost estimates, as well as demagnetization risk analysis of
the associated PM FRG variants are studied and compared in FEA for medium-speed wind
power generation.

2. Design Sizing and Analytical Formulation

The design of an electrical generator procedure is different from that of a motor. In
the case of generator operating conditions, characterized by varying the external load,
whereas in motor design, a predefined maximum torque point (Id = 0) under AC brushless
operation. Then the generator is not practicable for designing under an AC brushless
operating mode, much like a motor action. Therefore, the generator performance is charac-
terized using the co-simulation method, connecting the generator with an external load.
In this regard, the generator with rare earth and ferrites PMs is designed under the same
specifications with a rated output power of 10 kW and at a rated speed of 375 r/min. FRGs
are modeled in direct and quadrature (dq) axis references to proclaim the steady-state. dq
equations are used to analyze both the generators’ performances. Both generators’ power
generating capabilities are thoroughly investigated in terms of power and torque density,
overload capability, cogging torque, torque ripple, efficiency, and power factor.

2.1. Basic Structure and FEA Model Formulation

The three-phase 6/8 pole stator-slot (Ns)/rotor-pole (Nr) combinations achieve sym-
metrical phase back electromotive force (EMF) with higher torque density. A reduced
number of stator-slot/rotor pole numbers is preferred for reduced iron losses and manu-
facturing difficulty, whereas a lower number of poles causes a reduction in the amplitude
of back-EMF [23]. Considering all the limitations, a compromise between high back EMF
and standard (50 Hz) frequency operation, a 6/8 FRG structure is chosen. Based on the
generator rated speed (n) and rotor poles (Nr), open circuit EMF frequency (fe) and the
flux pattern speed in terms of supply frequency (nf) as expressed by

fe =
n ∗Nr

60
(1)

nf = 60∗fe (2)

The two-pole pitch span angle (τ) resembles two PMs poles of oppositive polarities
placed on the stator poles expressed as

2τPM =
πDr

Nr
(3)

The main design specifications of RE-FRG and NRE-FRG with the same power level
are given in Table 1. The sizing equation used to model the FRG [24] is given as

Dr =
3

√
2Pb

πftλωrJη
(4)
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Pb = rated power, ft = tangential force density (2.1 N/cm2), λ is the ratio of stack length to
rotor diameter (Dr);ωr = rotor speed (rad/s); J = current density and η = machine efficiency.
The medium value of λ is 1.2, justified for 6 stator slots [10].

Table 1. Design specifications/dimensions of RE-FRG and NRE-FRG.

Parameter/Dimension RE-FRG NRE-FRG

Stator outer diameter (Dout), mm 253 272
Number turns per coil (Nt) 80 80

Stack length (lstack), mm 165 280
Airgap (g), mm 0.5 0.5

Magnet thickness (hpm), mm 4 8
Outer rotor diameter (Dr), mm 156 165

Rotor pole span angle (α = β), deg 22.5 22.5
Rotor pole height (hpr), mm 44 52
Stator pole width (wts), mm 57 71

Slot opening width (lwi), mm 70 92
Stator back iron thickness (Bcs), mm 11 24

Shaft diameter (Dsh), mm 46 46
Current density (J), (A/mm2) 5 5

Rated speed (ωr), (r/min) 375 375
Fill factor (kfill) 0.4 0.4

Rated frequency (fe), (Hz) 50 50

In the FRG, energy conversion occurs by virtue of the interaction between the stator
coil MMF and PM fields. Ns/3 is the number of stator poles per phase with coils in series,
while the induced EMF per phase (Em) and electromagnetic torque (Te) are given as [24]

Em =
Ns

3
.
np

2
.Nt.2πωr.lstack.πDr.Kfringe.BPMi (5)

Te =
3EmIrms√

2 (2πn)
(6)

where Ns is number of stator slots, np is number of PM pole pairs, Nt is the number of
turns per coil, lstack is stack length, Kfringe is flux fringing factor, BPMi is airgap flux density
and Irms is RMS value of the current.

The sub-optimal major design dimensions of FRG such as pole width (wts), pole height
(hps), slot opening (lwi), and stator outer diameter (Dout) are expressed as

wts =
λpmmax

Bpslstack
(7)

hps =
2NtIrms

JKfilllwi
(8)

lwi =
2πDr

Nr
−wts (9)

Dout = Dr + 2hm + 2hsa + 2hps + 2Bcs (10)

where λpmmax is maximum flux per pole of the 6/8 pole FRG structure having 8 rotor poles
and 8 interpoles; Bps is stator pole flux density, hm is PM thickness, hsa is stator pole shoe
height, hps is stator pole height, and Bcs is stator back iron thickness. The conceived FRG
design specifications and parameters are listed in Table 1, while the basic structural view
of a 3-phase, 6/8 pole FRG and dimensions are shown in Figure 1. The angles subtended
by the rotor pole (α) and interpoles (β) are π/8 [23]. The interpole space is rounded off to
reduce fringing near rotor back iron. In the general basic design of permanent magnet flux
reversal machines, Bcs and rotor back iron thickness (Bcr) are assumed to be equal [24]. To
improve the torque density and reduce the cogging torque effects in the air gap, a pseudo-
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optimum parametric variation of design dimensions is undertaken in FEA. Based on the
design structure of RE-FRG, the NRE-FRG is designed by increasing the cross-section of the
machine and stack length to get 10 kW power range. This slightly increases the size, losses,
and active material mass of the NRE-FRG of machine, while maintaining other parameters
to be the same as the RE-FRG.
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2.2. DQ-Axes Modelling

The 3-phase 6/8 FRG structure is transformed into traditional dq axes reference
frames that are revolving at rotor speed. The static and steady-state behavior of the FRG is
investigated using dq equivalent circuits and phasor diagrams, as shown in in Figure 2.
In the case of FRG, rotor speed, and flux pattern speeds are different, not as in traditional
synchronous machines, so that the rotor speed is Nr times less than the flux pattern speed
from (1) and (2). The variation in these speeds is represented by k. It is the ratio of rotor
speed to the flux pattern speed. The generalized equation of k is as follows:

k =
Nr(

Peq/2
) (11)

where Peq is the number of effective flux pattern poles. With 6/8 pole FRG structure,
k value is 8. Stator voltage and flux linkage equations under dq reference frames with
positive current flowing out are expressed as

Vd = −RsId +ωrLqIq (12)

Vq = −RsIq −ωrLdId +ωrλm (13)

λq = LqIq (14)

λd = LdId + λm (15)

where λm mutual flux linkage due to PMs, Vd, Vq, Id, Iq, Ld, Lq, λd, and λq are the dq axis
voltage, currents, inductances, and flux linkages, respectively.

The electromagnetic torque (Te) in terms of dq reference frame is expressed as

Te =
3
2
∗

Peq

2
∗k
(
λmIq + IdIq

(
Lq − Ld

))
(16)
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The stator phase winding resistance is evaluated according to machine slot phase
winding information expressed as [25]

Rs =
4ρcuN2

t (lstack + lend)

Acoil
(17)

where ρcu is the resistivity of the copper material at room temperature, Acoil is the area of
the coil per phase, lend = (wts + lwi) is end winding length of the machine.

The winding copper losses of the generator at the rated condition and the core losses
of the machine are estimated through FEA from the Steinmetz empirical equation as

Pcu =
3
2

(
I2
d + I2

q

)
∗Rs (18)

Pcore = KefaBb
i G (19)

where Ke is Steinmetz material coefficient, a is the exponent of machine electrical frequency,
b is the exponent of peak airgap flux density, and G is the mass of the laminated material.

The output power (Po), efficiency (η), power factor (PF), and torque density (Td) of the
FRGs, while ignoring friction and windage losses are expressed as

Po = 1.5 ∗
(
VqIq + VdId

)
(20)

η =

(
Po

Po + Pcore + Pcu

)
∗ 100% (21)

PF =

(
VqIq + VdId

)((√
V2

q + V2
d

)
∗
(√

I2
q + I2

d

)) (22)

Td =
4Tavg

πD2
outlstk

(23)

The torque ripple factor at load condition is expressed as

Krp =

(
Tmax − Tmin

Tavg

)
∗ 100% (24)

where Tavg is average load torque, Tmax, Tmin is maximum and minimum instantaneous
torque values at load condition.
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The mass (M) of various parts of the generators are estimated by

M =

(∫ ∫ lstack

o
A dz

)
D (25)

where A is the surface area the object, D is the density of the material.
The temperature dependence of demagnetization coefficients is modeled by

Bri(T) = Br,20◦C

(
1 + C1

(
T− 200

))
(26)

Hcj(T) = Hc,20◦C

(
1 + C2

(
T− 200

))
(27)

where Bri and Hcj are induction and coercive forces, C1 and C2 are the temperature coeffi-
cients of Bri and Hcj, respectively, and T is the temperature on the object.

3. Generators Performance Evaluation

Many researchers have studied and developed various FRG structures for wind
generator applications. Most of the designs are low power scale with RE type FRG struc-
tures [15–18]. Here, in this study, a 6/8 pole, 10 kW RE-FRG, and NRE-FRG are designed
and implemented in 2D FEA ANSYS Maxwell for medium-speed wind turbine genera-
tors. Both the generators are designed with a rated speed of 375 r/min and have similar
dimensional parameters. The power density, torque density, efficiency, and power factor
of the generators are analyzed and compared, mostly in dq reference frame. Therefore, in
this study, the analysis part is divided into four subsections, where in the first sub-section,
transient no-load analysis is carried out to study the flux linkages, induced voltages, and
cogging torques for both the machines. Thereafter, in the second sub-section, on-load
transient analysis is conducted to further study the electromagnetic performances of both
machines. In the third sub-section, a comparative analysis of mass and cost estimation
of both machines is undertaken. Finally, in the fourth sub-section, the investigation and
comparison of the demagnetization risks are undertaken by setting the temperatures under
rated load conditions for both the generators, while the flux density variations under
different temperatures are observed.

3.1. No-Load Analysis

In this section, the RE-FRG and NRE-FRG machines are under open-circuit con-
ditions based on 2D FEA. Under no-load conditions, phase flux linkages, back EMF,
and cogging torque are obtained. In static analysis, when no-load is applied to the
armature winding, the EMF induced at the open winding terminals are compared in
both machines. From Figures 3 and 4, the open circuit analysis reveals that the phase
flux linkages and fundamental EMF magnitude of the NRE-FRG structure are lower than
for the RE-FRG because the remanence flux density and coercive forces of the ferrite
PMs are much lower.

Under no-load, both machines exhibit cogging torque, which results in acoustic noise
and vibration. The peak-to-peak cogging torque is thus evaluated for both the generators.
From Figure 5, it is revealed that the peak-to-peak cogging torque of RE-FRG is twice
that of the NRE-FRG because it has higher coercive force, reducing the cogging torque of
RE-FRG [26,27]. The cogging torque characteristics should invariably impact the pulsation
in the instantaneous torque.
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3.2. On-Load Analysis

On-load power generating performances include torque ripple, efficiency, losses,
power factor, and power density of the RE-FRG and NRE-FRG. In the first case, both
generators are operated at 375 rpm under varying load current in 2D FEA, while in the
second case, the load current is fixed at rated while generator speed is varied. Hence, based
on the rated voltage of each phase, rated power, and impedance triangle, the calculated
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rated load is 63 + j34 Ω. Figure 6 shows the flux density plot of RE-FRG and NRE-FRG
under rated load conditions. The generator load profile is demonstrated by varying
the phase current against the real output power for both the generators, analyzed up to
2.5 times the rated load as presented in Figure 7a. In all cases under load analysis, the wind
generators are pushed up to 250% of their rated load to exhibit their overload profile. In
Figure 7b, the output is now compared at varying generator speeds. The active power of
RE-FRG is somewhat higher than that of NRE-FRG for a wide range operating point, with
a linear profile conceived up to 2.5 pu in Figure 7a, demonstrating that both generators are
designed with excellent overload capability. Overall, the performance comparison analysis
of RE-FRG and NRE-FRG under 2D FEA is summarized in Table 2.

Table 2. Performance comparison of 10 kW RE-FRG and NRE-FRG based on 2D FEA.

Parameter RE-FRG NRE-FRG

Output real electrical power at rated load condition (W) 9840.9 9806.3
Input electromechanical power at rated condition (W) (375

r/min, torque 268.4 Nm) 10,542 10,558

Required AC-DC converter power VA 11,277 12,256
Torque ripple under half-rated load, % 7.26 4.19

Torque ripple under rated load, % 12.46 4.4
Torque ripple, % 9.86 4.29

Efficiency at normal load (0.5 times of rated load), % 91.9 92
Efficiency at rated load, % 93.4 92.9

Average efficiency, % 92.7 92.4
Total losses at rated load, W 701.4 753.8

Power factor 0.87 0.81
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The phase currents versus efficiency variation of RE-FRG and NRE-FRG are presented
in Figure 8a, while the generator speed is varied with efficiency in Figure 8b. The efficiency
of RE-FRG is seen to be generally higher in both figures. The losses in the generators
considered are stator core loss and winding loss (of armature winding) excluding windage
loss and fiction losses (mechanical losses). Total losses of NRE-FRG are higher than RE-
FRG by 7% at rated condition due to increased copper losses. Electromechanical power
versus total loss variations are investigated in Figure 9. Torque ripple at rated load of
both generators is analyzed and evaluated based on (24) and is shown in Figure 10; it is
discovered that RE-FRG has 64.7% higher torque ripple compared to NRE-FRG. The power
factor load curve is demonstrated in Figure 11a by varying the phase current against power
factor for both the generators up to 2.5 times of rated load, while the generator speed is
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varied against power factor in Figure 11b. The full load power factor of NRE-FRG and
RE-FRG are evaluated as 0.81 and 0.87, respectively. The RE-FRG always exhibit superior
power factor quality compared to the NRE-FRG in both figures, indicating higher cost
premium on power electronic converter costs for the latter.

3.3. Mass and Cost Estimation

Mass and cost estimation are two key parameters for wind generators. The mass
calculation of each active material used for the generator can be evaluated using field
calculus as in (25). An estimation of the surface area of each object, such as rotors, stators,
magnets, etc., is undertaken for both machines. Thereafter, it is multiplied with axial length
(lstk) and respective material mass density of each object, as well as evaluation of mass of the
required material stated in Equation (26). Finally, the total cost is estimated by multiplying
the weight by its corresponding material unit rate. From an economic standpoint, the total
PM cost of ferrites is approximately seven times lower than rare earth, based on quotations
in Table 3 [28]. At a closer look, it is observed that NRE-FRG requires at least two times the
total active mass and 2.7 times (ferrite PM thickness is a little bit high) of the PM mass of
RE-FRG in Table 4. Because of the higher market price of RE PMs, the cost of NRE-FRG is
almost the same as that of RE-FRG. Based on (23), the torque density of the RE-FRG design
is seen to be 1.96 times higher than NRE-FRG as indicated in Table 4.

Energies 2022, 15, x FOR PEER REVIEW 9 of 17 
 

 

3.2. On-Load Analysis 
On-load power generating performances include torque ripple, efficiency, losses, 

power factor, and power density of the RE-FRG and NRE-FRG. In the first case, both gen-
erators are operated at 375 rpm under varying load current in 2D FEA, while in the second 
case, the load current is fixed at rated while generator speed is varied. Hence, based on 
the rated voltage of each phase, rated power, and impedance triangle, the calculated rated 
load is 63 + j34 Ω. Figure 6 shows the flux density plot of RE-FRG and NRE-FRG under 
rated load conditions. The generator load profile is demonstrated by varying the phase 
current against the real output power for both the generators, analyzed up to 2.5 times the 
rated load as presented in Figure 7a. In all cases under load analysis, the wind generators 
are pushed up to 250% of their rated load to exhibit their overload profile. In Figure 7b, 
the output is now compared at varying generator speeds. The active power of RE-FRG is 
somewhat higher than that of NRE-FRG for a wide range operating point, with a linear 
profile conceived up to 2.5 pu in Figure 7a, demonstrating that both generators are de-
signed with excellent overload capability. Overall, the performance comparison analysis 
of RE-FRG and NRE-FRG under 2D FEA is summarized in Table 2. 

  
(a) (b) 

Figure 6. Rated load flux density plot of 10 kW FRGs: (a) RE-FRG and (b) NRE-FRG. 

 
(a) 

Energies 2022, 15, x FOR PEER REVIEW 10 of 17 
 

 

 
(b) 

Figure 7. (a) On-load phase current vs. active power at 375 r/min; (b) generator speed vs. active 
power at rated load current. 

Table 2. Performance comparison of 10 kW RE-FRG and NRE-FRG based on 2D FEA. 

Parameter RE-FRG NRE-FRG 
Output real electrical power at rated load condition (W) 9840.9 9806.3 

Input electromechanical power at rated condition (W) (375 
r/min, torque 268.4 Nm) 10542 10558 

Required AC-DC converter power VA 11277 12256 
Torque ripple under half-rated load, % 7.26 4.19 

Torque ripple under rated load, % 12.46 4.4 
Torque ripple, % 9.86 4.29 

Efficiency at normal load (0.5 times of rated load), % 91.9 92 
Efficiency at rated load, % 93.4 92.9 

Average efficiency, % 92.7 92.4 
Total losses at rated load, W 701.4 753.8 

Power factor 0.87 0.81 

The phase currents versus efficiency variation of RE-FRG and NRE-FRG are pre-
sented in Figure 8a, while the generator speed is varied with efficiency in Figure 8b. The 
efficiency of RE-FRG is seen to be generally higher in both figures. The losses in the gen-
erators considered are stator core loss and winding loss (of armature winding) excluding 
windage loss and fiction losses (mechanical losses). Total losses of NRE-FRG are higher 
than RE-FRG by 7% at rated condition due to increased copper losses. Electromechanical 
power versus total loss variations are investigated in Figure 9. Torque ripple at rated load 
of both generators is analyzed and evaluated based on (24) and is shown in Figure 10; it 
is discovered that RE-FRG has 64.7% higher torque ripple compared to NRE-FRG. The 
power factor load curve is demonstrated in Figure 11a by varying the phase current 
against power factor for both the generators up to 2.5 times of rated load, while the gen-
erator speed is varied against power factor in Figure 11b. The full load power factor of 
NRE-FRG and RE-FRG are evaluated as 0.81 and 0.87, respectively. The RE-FRG always 
exhibit superior power factor quality compared to the NRE-FRG in both figures, indicat-
ing higher cost premium on power electronic converter costs for the latter.  

Figure 7. (a) On-load phase current vs. active power at 375 r/min; (b) generator speed vs. active
power at rated load current.



Energies 2022, 15, 636 11 of 17Energies 2022, 15, x FOR PEER REVIEW 11 of 17 
 

 

 
(a) 

 
(b) 

Figure 8. (a) On-load phase current vs. efficiency at 375 r/min; (b) generator speed vs. efficiency at 
rated load current. 

 
Figure 9. Input mechanical power against total losses comparison at 375 r/min. 

Figure 8. (a) On-load phase current vs. efficiency at 375 r/min; (b) generator speed vs. efficiency at
rated load current.

Energies 2022, 15, x FOR PEER REVIEW 11 of 17 
 

 

 
(a) 

 
(b) 

Figure 8. (a) On-load phase current vs. efficiency at 375 r/min; (b) generator speed vs. efficiency at 
rated load current. 

 
Figure 9. Input mechanical power against total losses comparison at 375 r/min. Figure 9. Input mechanical power against total losses comparison at 375 r/min.



Energies 2022, 15, 636 12 of 17

1 

 

 
Figure 10. Comparison of torque ripple effect under load.
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Table 3. Unit prices of active materials of RE-FRG and NRE-FRG [28].

Cost (USD/kg)

Steel laminations 1
Copper 7

Sr-Fe (Ferrites) 18.46
Nd-Fe35 (Rare earths) 126.6

Table 4. Mass/cost analysis.

Parameter RE-FRG NRE-FRG

Mass of the stator core, kg 58.16 160.9
Mass of the rotor core, kg 23.82 59.89
Mass of the magnets, kg 3.12 8.47
Mass of the copper, kg 14.6 29.77

Mass of the total machine, kg 99.7 259.01
Torque density (kNm/m3) 32.356 16.515
Torque/PM mass (Nm/kg) 86.1 31.727

Torque/Active mass (Nm/kg) 2.693 1.04
Active material cost, $ 579.2 585.5

3.4. Demagnetization Risks

Demagnetization can weaken the magnetic properties of the magnet at high tempera-
tures and lead to a reduction in the performance of the generator. A general characteristic
of PM and their demagnetization susceptibility is that they are inversely related to the
absolute temperature or extreme currents in the winding. The coercivity (Hc) of typical
(rare earth) PMs is generally negative temperature coefficients, but this generalization does
not apply to ferrites PMs due to their positive temperature coefficients [29].

In the PMs, the minimum radial flux density position is to be considered as a demag-
netization point for a given FEA solution for both the generators. Investigating the RE-FRG
and NRE-FRG designs, the demagnetization withstand capability to appraise the impact of
temperature rise on the remanence of the PM materials is undertaken by using 2D FEA,
in ANSYS Maxwell. Here, the RE-FRG design, Nd-Fe-B type PMs are employed, which
is under the grade of N35SH, and its remanence flux density is 1.2T. Demagnetization
occurs below 0.25 T. Then, for NRE-FRG, Sr-Fe type PMs are used, with a grade of Y32,
and the remanence flux density is 0.4 T, then the demagnetization knee point occurs below
0.1 T [30,31]. In this sub-section, an investigation on the demagnetizing risks is done by
varying from minimum room temperature (20 ◦C) to a high temperature (120 ◦C) and
then analyzing the corresponding impact on radial PM flux density (Bri) and power factor.
Temperature coefficients, residual induction (C1), and residual coercive force (C2) are taken
from respected grades of PMs used for RE-FRG and NRE-FRG designs as indicated in
Table 5 based on (26) and (27).

The radial flux density of PMs is examined for RE-FRG when it becomes lower than
0.25 T (Bri > 0.25) and for NRE-FRG when it becomes lower than 0.1 T (Bri > 0.1), both at
a maximum temperature of 120 ◦C. Figure 12, based on the evaluated profile, shows the
RE-FRG is unable to satisfy the safety limits at the temperatures above 60 ◦C. However,
for NRE-FRG, it satisfies its demagnetization safety limits and the performance is good
at above room temperature. PMs demagnetization points at 20 ◦C and 120 ◦C for both
RE-FRG and NRE-FRG with their power factor values are depicted in Figures 13 and 14,
respectively. Overall, it can be said that the NRE-FRG design structure performance is
better at high temperatures than with RE-FRG for 10 kW, which translates to minimum
demagnetization risks for the former. Hence, deep demagnetization risk occurs for the
RE-FRG above 60 ◦C with the power factor worsening at 120 ◦C.
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Table 5. Material specifications.

Rare Earth Ferrites

Grade N35SH Y32
Relative permeability (µr) 1.09 1.09

Remanent flux density (Br), T 1.2 0.4
Coercive force (HC) kA/m; 900 300

Mass density D, kg/m3 7500 5000
Temperature coefficients (C1), %/◦C −0.12 −0.2
Temperature coefficients (C2), %/◦C −0.55 0.40

Laminations Electrical steel:
steel_1008

Electrical steel:
steel_1008

Stator windings Copper: ρcu = 2.1 ×
10−8 Ωm

Copper: ρcu = 2.1 ×
10−8 Ωm
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4. Conclusions

In this paper, two three-phase, 6/8 pole FRG structures (designed with rare earth
and ferrite PMs) were analyzed and compared in 2D FEA for wind turbine generator
applications, at 375 r/min and 10 kW power levels. Detailed analyses are performed under
no-load and on-load power generating performances. Based on the similar performance
requirements, the average efficiencies of both the machines are approximately similar,
with excellent overload capability. The average torque ripple for RE-FRG under load is
64.7% higher compared to the NRE-FRG. However, the torque density of the NRE-FRG
is only about 51% that of the RE-FRG, at approximately the same cost since the former is
2.6 times heavier. It is also found that for the RE-FRG design, a higher demagnetization
risk occurs at higher temperatures, thereby reducing the power factor values and lowering
the performance of the generator. Unlike RE-FRG, the NRE-FRG design has a lower
demagnetization risk while operating at higher temperatures. Overall, the NRE-FRG
structure is shown as an attractive alternative to the RE-FRG for micro kW medium-speed
wind turbine generator applications.
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