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ABSTRACT In this paper counter rotating (CR) dual rotor permanent magnet flux switching generator
(CR-DRPMFSG) is designed and relatively studied with co-rotating DRPMFSG (CoR-DRPMFSG) for
wind turbine applications. The developed CR-DRPMFSG and CoR-DRPMFSG share same stator linked
with flux bridge which provide flux route. A comprehensive relative assessment of both CR-DRPMFSG and
CoR-DRPMFSG are presented with static attributes, over-load, and over-speed capability for generating
output voltage, output current, output power, power density, losses, and efficiency. Comparative study
with static characteristics illustrates that developed CR-DRPMFSG shows 34.34% elevated phase flux
which improve output power, cumulative output torque is improved by 23.86%, and suppressed cogging
torque by 66.87% at CoR-DRPMFSG that results lower pulsation in instantaneous torque. Furthermore,
a detailed performance analysis is investigated with different number of armature winding turns per phase
and combined over-load and over-speed capability. Study discloses that in contrast with CoR-DRPMFSG,
counterpart CR-DRPMFSG offer 27.17% higher output power that results 1.25 times power density with
a good voltage regulation factor of 18.67%. In additional, despite of 2.27% improvement of efficiency in
case of phase winding turns analysis and 4.81% increase in over-load and over-speed capability, contour
efficiency map unveils that CR-DRPMFSG offer wide range of higher efficiency operating region during
over-load and over-speed condition accompany with stable voltage profile with load variation.

INDEX TERMS Flux switching machines, ferrite permanent magnet, counter rotation, wind turbines, wind
power generator, wind power application.

I. INTRODUCTION
The prospective growth in necessity and protection of the
natural environment dictating the global warming compels to
rise the expansion of renewable energy i.e., fuel cell, geother-
mal, solar energy, biomass plant, tidal energy, and wind tur-
bines for wind energy. From the above-mentioned renewable
energies, wind power is plenty in nature, as a consequence
expansion of wind energy ruled net renewable power gen-
erating capacity in the past decades therefore, believed as
quickest developing renewable energy resource. In contrast
with non-renewable energy, wind energy power arose as
cost-effective and viable renewable energy resource for wind
energy power production with installed power of 744 GW
at the ending of 2020 [1]. This encourages researcher for
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engrossment in structure of wind energy power production
with varying power scale.

Wind energy power plants adopted various sorts of AC
generators such as asynchronous generator, induction gener-
ator, field excited synchronous generator, permanent magnet
synchronous generator, and permanent magnet flux switching
generator (PMFSG). In contrast with field excited syn-
chronous generator and induction generator, permanent mag-
net synchronous generator produces more power therefore,
favour in wind energy systems. Based on position of per-
manent magnet, generators for wind power applications are
categorized as rotor permanent magnet generator i.e., surface
mounted permanent magnet (SPM) generator and stator per-
manent magnet generator.

PMFSG is most common example of stator perma-
nent magnet generator which housed armature winding/field
winding and permanent magnet on stator leave behind a
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robust rotor which is developed from the stack of laminated
sheets [2]–[6]. PMFSG feature robust rotor and compact
stator structure, therefore, exhibits sinusoidal back-EMF,
elevated power density, and efficiency. Despite of brush-
less function, PMFSG offers excellent stator cooling and
comparatively improved voltage regulation. Comparative
examination of rotor permanent magnet machines with flux
switching generators (FSGs) unveil that due to allocation of
thermal sources (winding and permanent magnet) on stator,
FSGs presents improved heat dissipation, therefore, reduce
permanent magnet irreversible demagnetization issues and
ease in cooling system, thus, overall machine reliability is
enhanced [7]. In additional, in comparison with distributed
winding connection, FSGs with non-overlapped single tooth
concentrated winding connection inherit least mutual flux
coupling with other phase winding, thus, exhibits fault tol-
erant ability [8].

PMFSG combines improved efficiency, power and torque
density feature of permanent magnet machines and robust
rotor structure like switched reluctance machine (SRM)
therefore, enhance machine reliability and wide speed range
performance. Thus, over the past decades several PMFSG of
different structures have been studied.

Based on flux flow direction, author in [9] investi-
gated axial flux machine whereas transverse flux machine
is studied in [10] and permanent magnet flux switching
machines (PMFSMs) with segmented consequent pole is
thoroughly investigated in [11]–[14]. In addition to flux flow
nature, stator permanent magnet machine was examined with
various stator structure and position of rotor i.e., inner rotor
[15], [16], outer rotor [17], [18], and dual rotor configuration
[19], [20] for improve power density. Inner rotor topologies
of PMFSG offers direct coupling of turbine blades with rotor
with more pole number due to accessible inner area however,
available inner rotor area utilization is very poor [21], [22].
To achieve higher power density and efficiently utilizes the
existing area, double rotor FSG are proposed [23], [24].
Moreover, concept of counter rotation is extended in wide
range of generator topologies for higher power density. The
idea of counter rotation in three phase synchronous generator
(SG) was proposed in [25] whereas wind turbine with counter
rotation utilizing permanent magnet synchronous genera-
tor (PMSG) is developed in [26]. Furthermore, doubly-fed
induction generator (DFIG) is proposed in [27] for wind tur-
bine with counter rotation, whereas author in [28] investigates
counter rotation by coupling three armatures with outer stator
and two rotors however, the aforesaid SG, PMSG and DFIG
suffer from production cost and bigger in size than usual
for direct-drive wind turbine applications [29]. The afore-
said demerits of DFIG, SG and PMSG are incorporated in
double-stator PMFSG utilizing counter rotation wind power
application [30], [31].

Comparedwith single sided PMFSG, dual stator design not
only offer higher power but also high reliability [32] how-
ever, due to high amount of the rare-earth PM usage, overall
machine cost increases and causes PMFSG as expensive

FIGURE 1. Proposed CR-DRPMFSG (a) cross section view and
(b) magnetic flux density contour at rated generating condition.

component for wind power generating system but the prob-
lem of PM cost can be tackle utilizing ferrite PMs. However,
in double-stator topology counter rotation is obtained utiliz-
ing opposite rotation of stator and rotor that result mechanical
assembly complexity due to involvement of slip rings and
brushes. Despite of above-said complexity the sliding contact
associates wear and tear, therefore, involves frequent mainte-
nance. Furthermore, slip ring in double-stator made it brushed
machine that suffer from friction losses as well. In addi-
tional, due to active/energetic part motion that accommodates
permanent magnet and armature winding, influence of cen-
trifugal force on permanent magnets develops that results
irreversible demagnetization due to excessive generated heat.

Thus, in this paper a counter rotating dual rotor PMFSG
(CR-DRPMFSG) (as shown in Figure. 1) is proposed for
counter rotating wind power generation that eliminates the
requirements of slip ring, truncating slip ring losses, short-
ened assembly complexity and reduces PM cost. Since pro-
posed CR-DRPMFSG retain energetic active part static,
therefore, suppress dominant irreversible demagnetization
issue.

In developed CR-DRPMFSG, both inner and outer rotors
are rotated in opposite direction to accomplish counter rota-
tion whereas static energetic part i.e., stator retained sta-
tionary therefore, omitting the demands of slip ring thus,
retained inherit brushless operation. From Figure. 1(a), it can
be clearly seen that for counter rotation, in the developed
CR-DRPMFSG, inner rotor rotates in clockwise direction
whereas outer rotor rotates anti-clockwise direction that
results brushless and gearless counter rotation.

It is worth noting that relative rotational speed with
counter rotation increases between two armature that results
improved power generation within same stator outer diameter
thus, active material utilization is suppressed. In additional,
due to sandwiched armature between two rotors, flux fol-
low the shortest path through stator flux bridge that results
reduced reluctance as well. It is noteworthy that in contrast
with existing dual rotor configuration with same rotational
direction (co-rotating), the proposed CR-DRPMFSG offer
higher power and flexible design in such a way that it can be
operated individually i.e., inner rotor only, outer rotor only,
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FIGURE 2. DDWT configuration (a) single rotor DDWT (b) DRDDCoRWT
and (c) DDDRCRWT.

dual rotor in the same direction and dual rotor in counter
rotation. It is noteworthy that in comparison with dual stator
topologies, the developed CR-DRPMFSG exhibits merits of
dual independent port power transform between inner arma-
ture with inner rotor and outer armature with outer rotor. Both
ports act like individual generators such that one output can be
taken from inner armature and the second output from outer
armature whereas total response will be cumulative response
of inner and outer armature generators.

In the following, section II discusses direct drive wind
turbines, section III investigated proposed CR-DRPMFSG
design, static performance analysis is discussed in section IV,
generating power performance is investigated in section V,
and finally some conclusions are depicted in section V.

II. DIRECT DRIVE WIND TURBINES
Several methods of refining efficiency of energy conversion
for kinetic energy of wind into electrical energy have been
examined for many years among which direct drives wind
turbines (DDWT) are found to be most efficient. In this
method, based on rotor spinning and rotational direction,
wind turbines are classified as illustrated in Figure. 2.

Figure. 2(a) shows schematics of conventional single rotor
DDWT where there is only one rotor that is directly coupled
to the shaft of wind turbines. In this configuration, PMFSG
are used in two configurations i.e., inner rotor PMFSG or
outer PMFSG. Based on comparative study [33], outer rotor
PMFSG configuration is most prominent used when high
power density is the primal requirements in DDWT.

In the second class of DDWT, dual rotor wind tur-
bine (DRWT) is the emerging technique where two set of
rotors rotates in the same direction (co-rotating) as shown in
Figure. 2(b) which is term as direct dual rotor direct drive
co-rotating wind turbines (DRDDCoRWT). In comparison
with the single rotor, DRDDCoRWT results more power
density due to rotation of dual rotors that reside in front and
rare sides of wind turbines. In this configuration PMFSG is
utilized with dual rotor DDWT configuration such that front
turbine is attached with one set of rotors whereas the rare
side wind turbine is attached to the second rotor set. The
cumulative power is the effective power developed by front
and rare side wind turbines. Thus, in comparison with single

FIGURE 3. EMF phasor diagram and winding connection (a) coil
connection in stator slots and (b) Coil and phase EMF phasor.

blades turbine system, DRDDCoRWT results twice power
density.

In the third class of DDWT, DRWT with two set of rotors
rotates in opposite direction i.e., counter-rotating (as shown
in Figure. 2(c)), which is term as direct drive dual rotor
counter rotating wind turbines (DDDRCRWT). In case of
DDDRCRWT, the front side wind turbine rotates in clock-
wise direction whereas the rare side wind turbine is rotating
in counter-clockwise direction [34]. It is noteworthy that both
up-stream and down-stream are assumed to be uniform there-
fore, same rotational speed between front and rare rotor are
considered. If upstream flow is made free with undistributed
speed, then downstream rotational speed becomes in two
parts i.e., distributed, and undistributed resulting variation in
rotational speed [35] causing frequency fluctuation.

Comparison of DDDRCRWT power density with single
rotor wind turbine reveals that DDDRCRWT produces max-
imum power density because of dual rotors (front and rare
side) that sandwich stator and rotates in counter direction.
The resultant power is generated due to front and rare side
wind turbines resulting double power generated. In this con-
figuration PMFSG is utilizes with dual rotor or dual stator
DDWTconfiguration. In case of dual stator PMFSG, there are
two armatures comprising circumferential magnetized PMs
which is sandwich in stator core. In wind turbine, counter
rotation with dual stator structure is achieved in such a way
that rare turbine blade is connected with rotor whereas both
outer and inner stator are connected with front blade of wind
turbine. Thus, requires slip ring that increases maintenance
cost.

In case of CR-DRPMFSG, the front wind turbine is
attached with one set of rotors whereas the rare side wind
turbine is attached to the second rotor set. For achieving
counter rotation, turbine blades are shaped in such a way that
both blades rotate at counter clock-wise direction. Counter
rotation in wind turbine system can be achieved in non-
direct drive system utilizing co-axial gear box. However, non-
direct drive system requires constant maintenance therefore
not preferred.

III. PROPOSED CR-DRPMFSG DESIGN
In design prospective, design procedure for motor and gener-
ator are different. In case of motor, brushless AC operation
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FIGURE 4. Proposed CR-DRPMFSG design parameter.

of id = 0 is incorporated with defined maximum torque
point whereas in case of generator, external connected load is
utilized for generator operating condition. In addition, phase
angle of applied armature is not controllable in case of gen-
erator like motor. Thus, generator optimization is not feasible
with brushless AC operating mode. Thus, co-simulation tech-
niques are utilized for generator with external connected load
to investigated generator performance. Therefore, generating
power performance of the developed generator illustrated in
subsequent sections in details both at individual port as well
as cumulative response.

Despite of high torque and power density, optimal com-
bination of rotor pole and stator slot combinations are pre-
requisite to obtain symmetrical phase back electromotive
force (EMF). For the proposed design, both inner rotor
PMFSG and outer rotor PMFSG allocate to shared stator with
the EMF phasor diagram and coil connection as illustrated in
Figure. 3. Thus, distribution factor (kd ) with adjacent vector
phase shift of 30◦ becomes [36]

kd =
sin
(
Qvα/

2
)

Q sin
(
Qvα/

2
) = 0.966 (1)

where Q = 2 is least number of MMF vector per phase,
v = 1 is order of harmonics and α = 30 is two adjacent
vector angles.

For the proposed CR-DRPMFSG, stator slot (Ns) and rotor
pole (Nr ) combinationwithm number of phases are computed
as [37]

Ns = 2mn1 (2)

Nr = Ns ± n1 (n1 = 1, 2, 3 . . .) (3)

where, n1 must be even integer number for even number ofm.
Utilizing generator speed (n) and Nr , phase back-EMF

frequency under no-load operation can be computed as [38]

f =
Nrn
60

(4)

TABLE 1. Design specification of proposed CR-DRPMFSG.

Since iron losses are frequency depended therefore, low
number of rotor poles are preferred which results reduced
frequency of the back-EMF. Therefore, initially 12 stator slot
and 14 poles (12S-14P) design is selected.

Proposed CR-DRPMFSG with leading design parameters
is shown in Figure. 4. Since proposed CR-DRPMFSG share
one stator portion with both inner and outer rotor therefore,
some geometric parameters will be shared. Therefore, siz-
ing equations accounts both specific and shared geometric
parameters.

For the proposed design, output power (Pout ) is expressed
as [39]

Pout = mVr Irηcosϕ (5)

where, Vr , Ir , and η, are rated voltage, rated phase current,
efficiency, respectively.

Estimated induced back-EMF for PMFSMs are expressed
as

e = −Ncωφmax cos (ωt) (6)

ω = 2πnNr (7)

whereas Nc is armature winding turns per phase and φmax is
maximum air-gap flux density, which are calculated as

Nc =
NsE

√
2nπ2kLNrD2

gBg−max
(8)

φmax = Bg−maxAcoil (9)

whereas E , kL and Dg are rms induced phase back-
EMF, aspect ratio and air-gap diameter respectively,
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FIGURE 5. Open-circuit phase flux linkage (a) waveform and (b) harmonic
spectra.

which are stated as

E =
2nπ2N cNrLsDgBg−max

√
2 Ns

(10)

kL =
Ls
Dg

(11)

Dg = 3

√
PoutNs

√
2π3ηnNrAsBg−maxkLkEcos (φ)

(12)

whereas As is electric loading and Ls is active stack length.
Based on the simplified formulation, sub-optimal design

specification of proposed CR-DRPMFSG are quantify as

Ror−or = Rir−ir + Rir−or + 2Dg + Rso + Ror−ir (13)

Rir−or = Rir−ir +Wry + Hrp (14)

Rso = Rir−ir +Wry + Hrp + Dg + Hs (15)

Hpm = Hias +Wsfb + Hoas (16)

Hs = Hias +Wsfb + Hoas (17)

Wsfb = (Rso − Hoas)-(Rsi + Hias) (18)

To account saturation effects and improve torque cal-
culation and reducing slotting effects that causes cogging
torque in the air-gap, optimum design parameters are investi-
gated utilizing finite element analysis (FEA). The final opti-
mum design parameters obtained based on FEA as listed in
Table. 1 which is used for detail performance analysis of the
CR-DRPMFSG.

FIGURE 6. Open-circuit phase back-EMF (a) waveform and (b) harmonic
spectra.

IV. STATIC PERFORMANCE ANALYSIS
This section investigates FEA based static performance
of proposed DRPMFSG with different rotational direction
such as co-rotating and counter rotating. The co-rotating
DRPMFSG is termed as (CoR-DRPMFSG) whereas counter
rotating is termed as (CR-DRPMFSG). Detailed perfor-
mance of CoR-DRPMFSG and CR-DRPMFSG are listed
in table 2 and illustrated in Figure. 5-7. Note that since
the developed proposed model is associated with inner
rotor (IR) and outer rotor (OR), therefore, this section dis-
cussed individual contribution of each rotor on the perfor-
mance of CoR-DRPMFSG and CR-DRPMFSG and termed
as IR-CoR-DRPMFSG and OR-CoR-DRPMFSG for inner
and outer respectively, in case of co-rotating DRPMFSG.
Whereas IR-CR-DRPMFSG and OR-CR-DRPMFSG in case
of counter rotation. It is noteworthy that static performance is
analysed under no-load condition when no armature supply is
applied. Induced back-EMF, Phase flux-linkage, and cogging
torque are achieved from no-load analysis whereas brushless
AC operation is adopted for instantaneous torque profile.

From Figure. 5(a), FEA based open circuit analysis reveals
that the highest phase flux linkage (peak-to-peak value of
0.1608 Wb) is offered by OR-CR-DRPMFSG which is due
to dominant higher fundamental component and lower higher
order harmonics content as shown in Figure. 5(b). After
OR-CR-DRPMFSG, the higher flux contribution is asso-
ciated with the IR-CR-PMFSG which have peak-to-peak
value of 0. 1357 Wb whereas the peak-to-peak flux linkage
contributed by OR-CoR-PMFSG and IR-CoR-PMFSG are
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0.1244 and 0.0961 Wb respectively. Comparative analysis
reveals that OR-CR-DR-PMFSG offers 18.34% higher flux
than IR-CR-DRPMFSG, 29.09% greater flux than OR-CoR-
DRPMFSG and 67.29% more than IR-CoR-DRPMFSG.
In addition, when the proposed DRPMFSG is operated, then
the cumulative peak-to-peak flux linkage in counter rotation
is 0.2963 Wb whereas in co-rotating is 0.2205 Wb. Analysis
concludes that in DRPMFSG 34.34% higher phase flux is
obtained in case of counter rotationwhich results an improved
performance. This is because, in case of counter rotation,
magnitude of the phase flux linkage increases due to the
reduction in flux cancellation effect, 3rd, 5th order harmonics
reduction and improvement in flux focusing effects.

In open-circuit analysis when no source is applied to
the armature winding, back-EMF is induced at the open
winding terminals with harmonic spectra is shown in
Figure. 6. From Figure. 6(a), it can be clearly seen that both
IR-CR-DRPMFSG and IR-CoR-DRPMFSG offer compar-
atively more symmetrical back-EMF waveform than coun-
terpart OR-CR-DRPMFSG and OR-CoR-DRPMFSG due to
least effect of higher order harmonics content. From both
waveform and harmonic spectra (as shown in Figure. 6(b)),
it can be clearly seen that in case of OR-CR-DRPMFSG and
OR-CoR-DRPMFSG, back-EMF waveforms exhibit more
harmonics content. It is worth noting that both counter rota-
tion and co-rotation of the rotor have no influence on the
harmonics content and purely depend on design structure
whereas due to higher phase flux linkage, the back-EMF is
improved accordingly.

Because of robust salient rotors, flux modulation effect
plays vital role in air-gap magnetic flux density where the
field harmonics generated by PM and armature reaction
rotate synchronously to generate the torque as shown in
Figure. 7. Based on detail investigation of the flux link-
age, OR-CR-DRPMFSG offer highest flux linkage which
ultimately results higher average torque at the cost of
increase in cogging torque (as shown in Figure. 7(a))
and higher torque ripples. Cogging torque analysis reveals
that in CR-DRPMFSG, 7.73 Nm cogging torque is con-
tributed by IR-CR-DRPMFSG whereas 13.01 Nm by
OR-CR-DRPMFSG whereas in case of CoR-DRPMFSG,
4.66 Nm is contributed by IR-CoR-DRPMFSG whereas
9.22 Nm is offered by OR-CoR-DDRPMFSG. Analy-
sis reveals that rotor rotation has dominant influence on
cogging torque. It can be clearly seen that in case of
CR-DRPMFSG, peak-to-peak cogging torque is 20.74 Nm
whereas CoR-DRPMFSG exhibits peak-to-peak cogging
torque of 13.87 Nm which is 66.87% reduced than counter-
part. This reduction in cogging torque is due to reduction
of dominant slotting effect, thus, offer low vibration and
acoustic noise [40].

This increase in the cogging results pulsation in the
instantaneous torque waveform (as shown in Figure. 7(b))
in the form of torque ripples. Detail studies unveil
that in CR-DRPMFSG, 18.36 Nm of average torque is

FIGURE 7. Torque performance (a) cogging torque and (b) instantaneous
torque.

contributed by IR-CR-DRPMFSG whereas 23.87 Nm by
OR-CR-DRPMFSG whereas in case of CoR-DRPMFSG,
11.197 Nm is contributed by IR-CoR-DRPMFSG and
23.026 Nm is offered by OR-CoR-DDRPMFSG.

V. GENERATING POWER PERFORMANCE
Power generating performance under symmetrical external
load resistance for CR-DRPMFSG and CoR-DRPMFSG
includes losses, output voltage, output current, output power,
output power density, efficiency, and voltage regulation capa-
bility. In this analysis, initially, number of turns (Nc) are
analysed and then proceeded to overload and overspeed capa-
bility. It is noteworthy that the results discussed in this section
is based on cumulative response (summation of inner and
outer armature port) not individual port/rotor.

A. NUMBER OF TURNS
Number of turns are designed carefully so that optimum num-
ber of turns are obtained to ensure least voltage regulation and
fulfill the rated specification i.e., rms value of 220 V under
rated design specification. In design stage, normally 20% of
higher margin is secured so that voltage is decrement caused
by manufacturing and assembly is avoided. It is noteworthy
that higher number of turns are detrimental because it ele-
vates voltage stabilization capability of generators with load
variation.
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FIGURE 8. Variation of voltage regulation with phase winding and speed
in (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

The voltage regulation factor of generator with the varia-
tion of the load is expressed as [2], [3]

U =
(
E
Vo
− 1

)
100% (19)

whereas Vo is the output phase voltage which is computed
with the variation of the load changes.

Under symmetrical pure resistive load operation of gener-
ator, both the output phase voltage and output phase current
are in phase. Considering the influence of phase winding
resistance (Rph) and phase reactance (Xs), therefore,

E = Io
√
(RN + Rph)2 + X2

s (20)

whereas RN is the connected load resistance, thus

Vo = IoRN (21)

The voltage regulation factor becomes

U =


√
(RN + Rph)2 + X2

s

RN
− 1

 100% (22)

Moreover, from section II, it can also be seen that induced
back-EMF is also depended on speed at which the rotor
rotates which are coupled to the turbines. Thus, a detailed
investigation of the effecting factors (number of turns and
speed) is thoroughly investigated not only for voltage regu-
lation but also for output phase voltage, phase current, out-
put power, losses and efficiency as shown in Figure. 9 to
Figure. 14.

From Figure. 8, it can be clearly seen that voltage regu-
lation factor of both CR-DRPMFSG and CoR-DRPMFSG
varies with the variation of the number of turns and speed
because phase winding resistance is proportional to num-
ber of turns whereas winding reactance is proportional to
the square of number of turns. The highest voltage reg-
ulation factor reached is 36.08% for CR-DRPMFSG and
39.1% for CoR-DRPMFSG under 2000 rpm and 110 num-
ber of turns. Therefore, normalized voltage regulation factor

FIGURE 9. Variation of output power with phase winding and speed in
(a) CR-DRPMFSG and (b) CoR-DRPMFSG.

FIGURE 10. Variation of phase voltage with phase winding and speed in
(a) CR-DRPMFSG and (b) CoR-DRPMFSG.

value is decided based on design output power as shown
in Figure. 9 and rated output phase voltage as shown in
Figure. 10. Analysis reveals that with the voltage regula-
tion margin of 20%, specification power of 1500 W and
rated phase voltage is achieved with 100 number of turns
per phase winding and speed of 1500 rpm. In this point,
CR-DRPMFSG exhibits 18.63% voltage regulation and rated
power of 1620Wwhereas counterpart CoR-DRPMFSG offer
20.23% voltage regulation and 1284 W rated power. Based
on the required specification power, it is evident that under
same design parameters and both electrical and magnetic
loading, voltage regulation factor is achievable with both
CR-DRPMFSG and CoR-DRPMFSG however, the required
power level can be achieved with counter rotation only.
Comparison of counter rotation with counterpart co-rotation
shows that 26.17% higher output power is achievable under
counter rotating wind turbines.

Despite of higher output power proposed CR-DRPMFSG
offer higher output phase voltage and output phase cur-
rent as shown in Figure. 10 and Figure. 11, respectively
which results higher power and ultimately improve the power
density as shown in Figure. 12. Detailed study shows that
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FIGURE 11. Variation of phase current with phase winding and speed in
(a) CR-DRPMFSG and (b) CoR-DRPMFSG.

FIGURE 12. Variation of output power density with phase winding and
speed in (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

highest power density of 2 kW/kg is obtainedwith co-rotation
whereas counter rotation offers 2.5 kW/kg power density.
This shows that counter rotation exhibits power density
of 1.25 times in comparison with the co-rotation. Further-
more, at desired specification point (number of turns = 100,
and speed = 1500 rpm), power density of 1.47 kW/kg
is offered by CR-DRPMFSG whereas 1.17 kW/kg
by CoR-DRPMFSG.

Once the desired specification in term of the voltage
regulation, output phase current, output phase voltage and
output power are obtained with higher power density, both
CR-DRPMFSG and CoR-DRPMFS are analyzed in term
of the losses and efficiency as shown in Figure. 13 and
Figure 14 respectively. Analysis shows that both losses and
efficiency greatly vary with number of turns and speed.
In case of CR-DRPMFSG, losses directly increase with the
increase in number of turns and speed. This same variation
pattern in reverse shaped is absorbed in efficiencywhereas for
CoR-DRPMFSG, in speed lower than 1500 rpm, the losses
show increasing behaviour but at higher speed, the losses
first increase and then decreases which greatly effects higher

FIGURE 13. Variation of losses with phase winding and speed
in (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

FIGURE 14. Variation of efficiency with phase winding and speed
in (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

FIGURE 15. Influence of variable resistive load and speed on voltage
regulation factor of (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

efficiency regions. A close look of the efficiency counter
reveals that CR-DRPMFSG offer flexible wide range bound-
ary under higher efficiency region whereas a small higher
efficiency operating point exist in CoR-DRPMFSG at higher
speed regions which are not desirable for wind power
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FIGURE 16. Influence of variable resistive load and speed on phase
current of (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

FIGURE 17. Influence of variable resistive load and speed on phase
voltage of (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

FIGURE 18. Influence of variable resistive load and speed on output
power of (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

turbines. It is worth noting that both CR-DRPMFSG and
CoR-DRPMS offer maximum efficiency of 90% but with dif-
ferent operating boundaries. In case of CR-PMFSG, highest
efficiency of 87% is achieved at the operating level whereas
counterpart CoR-DRPMFSG exhibits efficiency of 83%.

FIGURE 19. Influence of variable resistive load and speed on power
density (kW /kg) of (a) CR-DRPMFSG and (b) CoR-DRPMFSG.

FIGURE 20. Influence of variable resistive load and speed on losses of
(a) CR-DRPMFSG and (b) CoR-DRPMFSG.

Furthermore, highest efficiency of 90% in CR-DRPMFSG is
achieved at number of turn greater than 100 and speed more
than 1200 rpm whereas in CoR-DRPMFSG it is obtained
only at speed higher than 1800 rpm. It is noteworthy that
at the operating level, CR-DRPMFSG offers 4.81% higher
efficiency than counterpart CoR-DRPMFSG.

B. OVER-LOAD AND OVER-SPEED CAPABILITY
This section illustrates coupled overload and overspeed capa-
bility for detailed investigation of generating power perfor-
mance of both CR-DRPMFSG and CoR-DRPMFSG, so that
influence of the load variation with varies speed are analyzed
in detail. In case of overspeed capability, the design is oper-
ated at higher speed than the rated whereas in case of the
overload capability, analysis is performed with varying load
profile under key performance indicators i.e., voltage regu-
lation, output current, output phase voltage, output power,
power density, loss, and efficiency with various connected
resistive load. It is worth mentioning that in case of overload
capability, analysis mainly focus on symmetrical three phase
pure resistive load (Rload ) only.
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Figure. 15 shows contour map of voltage regulation fac-
tor of CR-DRPMFSG and CoR-DRPMFSG with variation
of connected resistive load. It can be observed that voltage
regulation factor co-rotation and counter rotation have no
influence on voltage regulation, and it is totally dependent on
the connected load and operating speed. It can be clearly seen
that voltage regulation increases with the increase in speed
as well as connected load which is in accordance with the
previous discussion. Figure. 16 and Figure. 17 show RMS
values of the output voltage with RMS output current respec-
tively for both CR-DRPMFSG and CoR-DRPMFSG with
varies load and speed. Output voltage stability under different
resistive load is analyzed from the curve slope. A detailed
investigation reveals that slop of the curve for CR-DRPMFSG
is higher compared to counterpart CoR-DRPMFSG thus indi-
cates higher voltage variation with the resistive load varia-
tion therefore exhibits advantages of maintaining more stable
voltage.

The variation of output power and power density is dis-
play in Figure. 18 and Figure. 19, respectively. Analysis
illustrates that both CR-DRPMFSG and CoR-DRPMFSG
exhibits good response in term of the output power and
power density under overload and overspeed capability. Com-
parative analysis of CR-DRPMFSG and CoR-DRPMFSG
shows that proposed CR-DRPMFSG offer comparatively
better performance. Analysis of output power shows that
CR-DRPMFSG offers 1.25 times higher power at overload
and overspeed capability. Similarly, power density analysis
shows that CR-DRPMFSG exhibits 22.2% higher power den-
sity than counterpart CoR-DRPMFSG.

FIGURE 21. Influence of variable resistive load and speed on efficiency of
(a) CR-DRPMFSG and (b) CoR-DRPMFSG.

In key performance indicator, the overload and overspeed
capability on losses and efficiency of both CR-DRPMFSG
and CoR-DRPMFS is illustrated as shown in Figure. 20 and
Figure 21, respectively. Detailed investigation of loss for
CR-DRPMFSG reveals that as soon as the connected load
changes corresponding losses are changes. Similarly, with
the change in the rotor speed, the corresponding frequency
increases results an increase in the losses which is same for

TABLE 2. Generator rating and quantitative comparsion @
speed = 1500 rpm, Nc = 100, RL = 96.8�.

CoR-DRPMFSG also. Despite of the rotor rotation overall
losses increase due to the increase in the core losses at higher
frequency which greatly effects efficiency however, with the
variation of the connected the losses greatly varies. In case of
CR-DRPMFSG, with the increase in the connected resistive
load, the losses slightly increase whereas the growth rate of
losses for CoR-DRPMFSG is comparatively higher. Since
losses variation have slight influence, this results higher over-
all efficiency and wide operating range in comparison with
CoR-DRPMFSG.Quantitative analysis reveals that despite of
wide operating range proposed CR-DRPMFSG offers 2.27%
higher efficiency than CoR-DRPMFSG.

Finally, a comprehensive comparison of the key metric
function i.e., phase flux linkage (ψpp), flux THD (ψthd ),
back EMF (Emf ), cogging torque (Tc), average torque (Ta),
voltage regulation (1V ), rated RMS current (Ir ), rated EMS
voltage (Vr ), rated output power (Pr ), losses (l), and effi-
ciency (η) for both CoR-DRPMFSG and CR-DRPMFSG
incorporating contribution of both Inner rotor (IR) and Outer
Rotor (OR) contribution are investigated as listed in table 2.
It can be clearly seen that CR-DRPMFSG offers compara-
tively better performance at both IR and OR than counterpart
CoR-DRPMFSG.

VI. CONCLUSION
In this paper CR-DRPMFSG is designed and comparatively
analyzed with CoR-DRPMFSG for wind turbine applica-
tions. Detailed analyses are performed under static char-
acteristics, overload, and over-speed capability for power
generating performance. Static characteristics analysis illus-
trates that CR-DRPMFSG exhibits 34.34% higher flux which
improve output power, cumulative output torque is improved
by 23.86%. Furthermore, from detailed study with dif-
ferent number of armature winding turns per phase and
coupled overload and overspeed capability, analysis con-
cludes that in comparison with CoR-DRPMFSG counterpart
CR-DRPMFSGoffer 27.17%higher output power that results
1.25 times power density at a good voltage regulation fac-
tor of 18.67%. Moreover, despite improvement in efficiency
under overload and overspeed capability, contour efficiency
map unveils that CR-DRPMFSG offer wide range of higher
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efficiency operating region accompany with stable voltage
profile with the load variation. Effectiveness of the proposed
CR-DRPMFSG will be test and validated in the future with
experimental prototype.
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