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ABSTRACT In this paper two permanent magnet flux switching generator (PMFSG) is designed for 2 kW
output power and 220V phase voltage at 1500 rpm and comparatively analyzed for wind turbine applications.
Both PMFSG share same C-core stator connected back-to-back through flux bridge (β) with different
rotor position i.e., inner rotor PMFSG (IR-PMFSG) and outer rotor PMFSG (OR-PMFSG). A detailed
comparative analysis with various β for both IR-PMFSG and OR-PMFSG are performed under static
characteristics, rated condition, overload capability and over-speed capability for generating output voltage,
current, power and efficiency. Comparison of the static characteristics reveal that IR-PMFSG offers 47.93%
higher rated power, 2.83% higher efficiency, 22.78% more magnetic flux, 56.91% reduced cogging torque
and 83.18% lower torque ripples at the cost of 62.69% higher voltage regulation factor. Furthermore, under
rated operating condition and overload capability with same specifications it is found that IR-PMFSG
exhibits 1.47 times power than that of OR-PMFSG counterpart. Finally, over-speed capability is investigated
in term of the output power which shows that IR-PMFSG significantly generate almost 2.25 time of
the specification power whereas OR-PMFSG exhibits nearly 1.25 times power. This analysis shows that
IR-PMFSG can be operated at wide-speed rage for higher power specification requirements maintaining
efficiency greater than 90%.

INDEX TERMS Flux switching machines, ferrite permanent magnet, inner rotor, outer rotor, wind power
generator, wind power application.

I. INTRODUCTION
The potential increase in demand and protection of the envi-
ronment dominating the net global warming led to increase
in development of renewable energy i.e., solar energy, fuel
cell, tidal energy, and wind energy. Among the aforesaid
renewable energies, wind energy is abundant in nature there-
fore, in the last few decades the growth and development of
wind power generation dominated the net renewable power
generating capacity and considered as one of the fastest
growing renewable energy sources. In comparison with non-
renewable energy, wind energy emerged as most economical
and feasible fast-growing renewable energy source for wind
power generation with installed capacity of 435 GW by the
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end of 2015 [1]. This encourages researcher interest in design
of wind power generator at various power levels.

Wind power generators adopted numerous types of AC
generators such as induction generator, asynchronous gener-
ator, permanent magnet (PM) synchronous generator, electri-
cally excited synchronous generator, and PM flux switching
generator (PMFSG). Compared with induction generator and
electrically excited synchronous generator, PM synchronous
generator yield higher energy due to which preferred for wind
power applications. Based on PMplacement, wind generators
are classified as rotor PM generator i.e., surface-mounted
PM (SPM) generator and stator PM generator i.e., PMFSG.

Typically, stator PM generator such as PMFSG housed
both PM and armature winding on stator leaving a robust
simple rotor made of iron [2]–[6]. PMFSG offers high torque
density, brushless operation, better voltage regulation, cool-
ing properties, high efficiency, compact stator with passive
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rotor, and sinusoidal back-EMF. In comparison with rotor
PM generator i.e., SPM generator with stator PM generator
i.e., PMFSG, better temperature dissipation capability is
offered in PMFSG due to existence of the thermal sources
on stator which ease in cooling hence, risk of irreversible
demagnetization is reduced which improve reliability [7].
Furthermore, single tooth non-overlapping concentrated
winding owing to smaller mutual flux coupling between adja-
cent phase winding than distributed winding, therefore, offer
good fault tolerant capability [8].

PMFSG exhibits not only high torque density character-
istics of PM machines but also offers robust structure like
switched reluctance machine to offer elevated torque, reli-
ability, and better speed performance. Therefore, numerous
structures have been proposed in the past few decades. Awide
range of PM flux switching machines (PMFSMs) are investi-
gated with unique flux nature i.e., axial flux [9] and traverse
flux [10] whereas PMFSM with segmented PM consequent
pole configuration are thoroughly investigated in [11]–[14].
Besides, flux nature and stator PM magnetization, numer-
ous PMFSM are investigated with different rotor position
i.e., inner rotor [15], [16], outer rotor [17], [18], and dual rotor
configuration [19], [20] with various stator configuration to
achieve maximum power density.

The aforesaid literature investigates different aspects of
PMFSG based on the flux nature, PM magnetization and
rotor position, however, a detailed comparative study between
inner rotor and outer rotor PMFSG in regard of electro-
magnetic performance for wind power generation is still not
reported. Therefore, this paper aims to fulfil this gap through
a comparative analysis of inner and outer rotor PMFSG as
shown in Figure. 1. The proposed PMFSG is developed by
connecting back-to-back C-core stator core with flux bridge
so that same stator configuration is utilized for fair compari-
son. The main purpose of the flux bridge is to provide addi-
tional alternate path to magnetic flux. It is worth mentioning
that the proposed inner rotor (IR) PMFSG (IR-PMFSG) and
outer rotor (OR) PMFSG (OR-PMFSG) share the same stator
configuration. Furthermore, the upper slot and lower slot of
the stator core are joined with flux bridge which evacuate
a portion of the stator core that can be used for cooling
purpose. To achieve an optimum flux bridge to join upper and
lower slot portion and provide path to the working harmonics
content, a detailed investigation is performed on its dimension
for better performance.

The rest of article is organized as, section II discusses
generator design, section III analyzed static characteristics,
Investigation of generator perform is analyzed in section IV
and finally some conclusions are drawn in section V.

II. GENERATOR DESIGN
Generator design procedure is different than designing of
a motor. In motor design, a predefined maximum torque
point under id = 0 brushless AC operation in considered
whereas operating condition of the generator is characterized
by external connected load. Furthermore, like motor action

FIGURE 1. Cross sectional view of (a) IR-PMFSG and (b) OR-PMFSG.

FIGURE 2. Cross sectional view and winding layout (a) stator and (b) Coil
and phase EMF phasor.

the applied armature current phase angle is not controllable
in case of generator this make generator not feasible for
optimization under brushless AC operating mode. Therefore,
the power generating performance of generator is determined
utilizing a co-simulation method connecting the generator
with external circuit. In this regard, power generating perfor-
mance is thoroughly investigated in the proceeding sections.

Furthermore, to achieve symmetrical phase back elec-
tromotive force (EMF) with higher torque density, stator
slots and rotor-pole combination are determined. Since both
IR-PMFSG and OR-PMFSG share common stator, coils and
phase EMF phasor diagram illustrates the phase relation as
shown in Figure. 2. The phase shift between two adjacent
vector is 30◦ and distribution factor of 0.966.
Both IR-PMFSG and OR-PMFSG are designed for rated

specification power of 2 kW and rated 220 phase voltages
at rotor speed of 1500 rpm with the influencing dimen-
sional parameters as illustrated in Figure. 3 and listed in
Table 1. Note that both designs are with the same stack length
(140 mm), PM volume, and stator outer diameter (210 mm)
for fair comparison.

III. STATIC CHARACTERISTICS
Finite element analysis (FEA) based static characteris-
tics of both IR-PMFSG and OR-PMFSG obtained JMAG
designer v.20.1 are listed in Table 2 and illustrated in
Figure. 4-6 with various flux bridge (β). Variation of the β
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FIGURE 3. Design parameter of (a) IR-PMFSG and (b) OR-PMFSG.

TABLE 1. Leading design parameters of IR-PMFSG and OR-PMFSG.

TABLE 2. Characteristics of IR-PMFSG and OR-PMFSG @ Rrated , 1500
RPM and βin = βout = 0.

for IR-PMFSG is noted with βin whereas for OR-PMFS it is
noted with βout . Note that inductance is calculated as per [21],
open circuit analysis is performed for phase flux linkage,
phase back-EMF and cogging torque whereas brushless AC
operation is performed for torque. FEA based analysis as
shown in Figure. 4 and Figure. 5 reveals that in comparison
with OR-PMFSG, the IR-PMFSG offer more symmetrical
and sinusoidal phase flux linkage and phase back-EMF.

FIGURE 4. Influence of βin and βout on open-circuit performance of
IR-PMFSG and OR-PMFSG @ 1500 rpm (a) Phase flux linkage and
(b) harmonic spectra.

FIGURE 5. Influence of βin and βout on phase back-EMF of IR-PMFSG and
OR-PMFSG @ 1500 rpm (a) Phase back-EMF and (b) harmonic spectra.

This is because air-gap magnetic flux density shows major
role in modulation effects by salient rotors. The modulation
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FIGURE 6. Variation of torque performance with βin and βout @ 1500 rpm
(a) Cogging torque and (b) Torque (brushless AC operating mode).

phenomena of the salient rotor make field harmonics of the
air-gap generated by PM and armature reaction to rotate syn-
chronously to produce torque as shown in Figure. 6. In addi-
tion, due to flux focusing effects on IR-PMFSG the magnetic
flux density is higher resulting higher torque, power, and effi-
ciency. Comparison of the static characteristics reveals that
IR-PMFSG offers 47.93% higher rated power, 2.83% higher
efficiency at the cost of 62.69% higher voltage regulation
factor.

Comparison of the IR-PMFSG and OR-PMFSG reveals
that IR-PMFSG offers 22.78% higher magnetic flux than
counterpart. It is noteworthy that when the rotor position
from inner is shifted to the outer the influence of dominant
harmonics i.e., 3th, 5th and 7th drastically increases. From
the quantitative performance as listed in Table 2, it can be
clearly seen that back-EMF total harmonic distortion (THD)
is increased up to 5.6 times in OR-PMFSG which is mainly
due to contribution of higher order harmonics content. Note
that with the introduction of βin and βout in stator, the influ-
ence of the harmonics content is slightly curtailed. Harmonic
spectra as shown in Figure. 4(b) and Figure. 5(b) shows that
with the increase in βin, both fundamental and higher order
harmonics content tent to decreases whereas with βout the
higher order harmonics initially decreases and then increases
in phase flux linkage whereas in back-EMF all the higher
order harmonics content continue to decrease. This analysis
reveals that introduction of the βin and βout greatly helps in
THD reduction in phase back-EMF.

Figure. 6 shows cogging torque and electromagnetic
torque for both IR-PMFSG and OR-PMFSG with vari-
ous βin and βout . Quantitative performance analysis reveals
that peak to peak cogging torque offered by IR-PMFSG is
16.23 Nm whereas for OR-PMFSG is 37.96 Nm which is
2.34 times of IR-PMFSG that results dominant torque ripples
content in electromagnetic torque as shown in Figure. 6(b).
Analysis reveals that the torque ripple ratio by OR-PMFSG
is 0.264% whereas for OR-PMFSG it is 1.57%. Furthermore,
with the introduction of βin and βout torque ripples are slightly
curtailed to 1.43% in OR-PMFSG whereas for IR-PMFSG
it is reduced to 0.25%. Due to lower cogging torque and
torque ripples, IR-PMFSG exhibits lower acoustic noise and
vibration in comparison with OR-PMFSG [22].

IV. INVESTIGATION OF GENERATOR PERFORMANCE
On-load generator performance includes output voltage,
output current, power, losses, efficiency, and voltage reg-
ulation capability when generator is operated with exter-
nal symmetrical resistive loads. Finite element (FE) based
co-simulation is performed to predict generator output phase
voltage, output current and losses and based on FE pre-
dicted data output power, efficiency and voltage regulation
are computed. This analysis is performed on IR-PMFSG and
OR-PMFSG under rated performance, overload capability,
and over-speed capability.

A. RATED PERFORMANCE
Output phase voltage and phase current for IR-PMFSG at
rated conditions are shown in Figure. 7 under various βin
values. Analysis reveals that as soon as βin increases there
is slight decrease output current under same design specifi-
cation thus reducing the stator winding losses. According to
the harmonic spectra analysis as shown in Figure. 5(b). It can
be clearly seen that 3th and 7th order harmonics decrease
whereas 5th order harmonic slightly increases. Due to overall
low harmonic contents and reduced THD the resultant torque
at rated generating conditions (as shown in Figure. 8) shows
small overshoots in its waveform which is caused by insuffi-
cient damping of lower circuit resistance. This small damping
also caused by higher winding inductance as listed in Table 2.

Comparative analysis of IR-PMFSG and OR-PMFSG in
term of the phase back-EMF and output voltage reveals
that both generators offer closer output voltage however
their open-circuit phase back-EMF greatly varies thus, result-
ing higher voltage regulation factor in IR-PMFSG which is
mainly caused by higher q-axis inductance which cause larger
load angle and damping in torque as discussed. In addition,
rated operating power for IR-PMFSG is 3399 W whereas
for OR-PMFSG is 2297.82 W. This shows that under same
specification IR-PMFSG offer 1.47 times power than that of
OR-PMFSG.

B. OVERLOAD CAPABILITY
The overload capability of IR-PMFSG and OR-PMFSG
with different βin and βout are predicted with FEA based
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FIGURE 7. Output phase current and phase voltage at rated condition
with βin.

FIGURE 8. Torque at rated generating operation mode with connected
rated resistive load @ 1500 rpm.

co-simulation under various resistive load range at 1500 r/min
for output voltage, current, losses which are used for com-
putation of the output power, efficiency and power factor as
shown in Figure. 9-12.

Figure. 9 shows RMS values of the output voltage with
RMS output current and different βin and βout for IR-PMFSG
and OR-PMFSG respectively. Output voltage stability under
different resistive load is analyzed from the curve slopes.
A detailed investigation reveals that slop of the curve for
IR-PMFSG is higher compared to counterpart OR-PMFSG
thus indicates higher voltage variation with the resistive
load variation resulting higher voltage regulation. Thus,
OR-PMFSG exhibits advantages of maintaining more stable
voltage in compare with IR-PMFSG at the cost of reduced
power as shown in Figure. 10.

The variation of the power level with load levels,
βin and βout reveals that maximum operating point for
IR-PMFSG is 3399 W whereas for OR-PMFSG it is
2297.82 W. With the introduction of both βin and βout output
power are improved slightly. Furthermore, comparison of
the rated operating point with specification power (2000 W)
shows that in case of OR-PMFSG both rated operating power
and specification power are quite close which is 1.15 times
whereas in case of IR-PMFSG the rated power is 1.7 times

FIGURE 9. Influence of βin and βout on output current and voltage with
resistive load range @ 1500 rpm.

FIGURE 10. Variation of the output power with βin and βout and resistive
load range @ 1500 rpm.

of the specification power. This indicate that IR-PMFSG
offer comparatively better overload capability and higher
efficiency as shown in Figure. 11. Note that this variation
in the overload power capability is mainly due to distinct
inductance and respective reactance as listed in Table 2.

Detailed investigation of both βin and βout on loss and effi-
ciency of IR-PMFSG and OR-PMFSG shown in Figure. 11.
Analysis reveals that with the introduction of βin and βout
in stator core, overall loss reduces due to significant reduc-
tion in core loss which results an increase in generator effi-
ciency however resistive load variation shows that as soon as
load varies, the corresponding losses increases and decreases
generator efficiency. Comparative analysis of efficiency at
various load range under overload capability reveals that for
IR-PMFSG at rated condition maximum efficiency of 93% is
achieved whereas for OR-PMFSG the maximum efficiency
obtained in 90.46%. Analysis concludes that IR-PMFSG
offers 2.8% higher efficiency.

Similarly, power factor of both IR-PMFSG and
OR-PMFSG under various resistive load and βin and βout are
analyzed as shown in Figure. 12. It can be clearly seen that
for both generator under various conditions, with the increase
in the resistive load first drops and then slightly increases.
This is because with load variation the corresponding phase
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FIGURE 11. Effect of βin and βout on loss and efficiency with resistive
load range @ 1500 rpm.

FIGURE 12. Variation of the power factor with βin and βout and resistive
load range @ 1500 rpm.

current increases results an increase in reactive power con-
sumption which causes to drop power factor.

C. OVER-SPEED CAPABILITY
Over-speed capability is investigated under rated load (Rrated )
and various speed before and after rated speed of 1500 rpm.
Both IR-PMFSG and OR-PMFSG with βin and βout are
investigated in speed range of 1000 to 2000 rpm to thor-
oughly investigates the influence of speed below and above
the rated conditions. In over-speed capability, torque perfor-
mance when generator is connected to resistive load, output
power, losses, and efficiency are investigated as shown in
Figure. 13-16.

From Figure. 13 it can be clearly seen that torque profile
of both IR-PMFSG and OR-PMFSG with different βin and
βout saturates at higher speed whereas it declines slightly
after 1600 rpm despite of increase in rotor speed due to
increase in the load angle and decrease in q-axis current.
Analysis and comparison of the IR-PMFSG and OR-PMFSG
reveals that the torque generated at resistive load condition by
OR-PMFSG is lower that results a decline in the generated
power as shown in Figure. 14. The over-speed power capa-
bility shows that IR-PMFSG significantly generate almost
2.25 time of the specification power whereas OR-PMFSG

FIGURE 13. Effects of βin and βout on torque with speed connected to
resistive load @ Rrated .

FIGURE 14. Effects of βin and βout on generator output power with speed
@ Rrated .

FIGURE 15. Variation of loss with βin and βout and speed @ Rrated .

exhibits nearly 1.25 times of the specification power. This
analysis concludes that IR-PMFSG can be operated at wide-
speed rage for higher power specification requirements.

In over-speed capability the variation of the losses and
efficiency in both IR-PMFSG and OR-PMFSG with vari-
ous βin and βout are illustrated in Figure. 15 and Figure. 16
respectively. Analysis reveals that at lower speed (less
than 1200), the overall losses especially core loss for both
IR-PMFSG and OR-PMFSG are low despite of variation
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FIGURE 16. Variation of loss with βin and βout and speed @ Rrated .

of βin and βout however, at higher speed the losses of
IR-PMFSG with βin = 0 surpasses losses of the OR-PMFSG
with βout = 0 resulting an increase in generator efficiency.
Moreover, when βin = 3 for IR-PMFSG the losses signifi-
cantly reduce that ultimately increase efficiency at 1600 rpm
however, at further increase in the rotor speed losses
tent to increase and efficiency decreases. This decrease
rate of efficiency in OR-PMFSG is higher than that of
IR-PMFSG.

V. CONCLUSION
In this paper two permanent magnet flux switching generator
(PMFSG) i.e., inner rotor PMFSG (IR-PMFSG) and outer
rotor PMFSG (OR-PMFSG) is designed for 2 kW output
power under same specifications and comparatively analyzed
for wind power application. Comparative analysis is per-
formed under static characteristics, rated condition, overload
capability and over-speed capability for generating output
voltage, current, power and efficiency. Static analysis con-
cludes that IR-PMFSG offers 47.93% higher rated power,
2.83%higher efficiency, 22.78%moremagnetic flux, 56.91%
reduced cogging torque and 83.18% lower torque ripples at
the cost of 62.69% higher voltage regulation factor. Rated
and overload performance shows that IR-PMFSG exhibits
1.47 times power than that of OR-PMFSG counterpart.
In addition, detailed investigation reveals that IR-PMFSG
significantly generate almost 2.25 time of the specification
power whereas OR-PMFSG exhibits nearly 1.25 times of
the specification power under higher rotor speed. Analy-
sis concludes that IR-PMFSG can be operated at wide-
speed range for higher power specification requirements
maintaining efficiency greater than 90% for wind power
generation.
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