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ABSTRACT Compared with the single rotor wind turbine, a counter-rotating (CR) wind turbine with two
rotor sets leads to twice power density. In this regard, dual stator CR (DSCR) permanent magnet flux
switching generator (DSCR-PMFSG) is employed. However, in DSCR-PMFSG both rotor and armature
parts are rotating and require slip rings for power transmission. These slip rings associate demerits of constant
maintenance, poor speed regulation, increased cost, and additional slip ring losses, whereas DSCR-PMFSG
offer lower flux and lesser power density. To overcome the demerits of DSCR-PMFSG as mentioned
earlier, this paper proposed a novel dual rotor counter-rotating permanent magnet flux switching generator
(DRCR-PMFSG) for wind turbine applications that eliminate the requirements of slip rings and retain
brushless operation. The proposed DRCR-PMFSG share one stator connected back-to-back through a flux
bridge that provides an alternate flux path between two mechanical ports associated with the inner rotor
and outer rotor, contributing to the cumulative output. A detailed comparative analysis of DSCR-PMFSG
and DRCR-PMFSG is performed under static characteristics, overload, and wide speed range to generate
output power, voltage, current, power density, and efficiency. Quantitative comparative analysis under static
analysis evident that proposed DRCR-PMFSG exhibits 33.29% higher flux, suppressed cogging torque and
torque ripples up to 53.48% and 67.45%, respectively. Furthermore, a comprehensive quantitative analysis
is performed under coupled overload and over-speed capability. Analysis exposes that in comparison with
DSCRP-PMFSG, the proposed DRCR-PMFSG improves voltage regulation factor by 55.88 %, output current
enhanced by 67.9%, raise output voltage to 2.01 times, and power density to 1.72 times while maintaining the
efficiency of 90.195% and achieving stable voltage profile with load variation. Finally, a detailed comparative
analysis with conventional designs is performed and comprehensive mathematical modelling based on
sub-domain model is developed accounting stator slot and rotor pole combinations, magnetic saturation,
and winding configuration to validates finite element analysis (FEA) of JIMAG Designer v.20.1.

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

I. INTRODUCTION

Compared with non-renewable energy, wind energy emerged
as the most economical and feasible fast-growing renew-
able energy source for wind power generation, with an
installed capacity of 744 GW by the end of 2020 [1].
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Wind energy conversion is based on the direct coupling
of horizontal/vertical axis wind turbines with the shaft of
generators that contributes to the power supplied to local
grids, microgrids, or national grid or even energy stor-
age systems in batteries for later uses. This encourages
researcher interest in designing wind power generators to
improve kinetic energy conversion of wind to electrical
energy.
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Several solutions emerge for improving wind energy
conversion efficiency of wind turbines. One technique
for enhancing conversion is to improve wind turbine
power coefficient; however, based on wind turbine theory,
maximum power coefficient is limited by Bet’z law [2].
Therefore, alternate techniques are preferred to improve
wind turbine power coefficient and wind energy conversion
efficiency.

From a design perspective, a wide range of perma-
nent magnet (PM) flux switching machines (PMFSMs) are
investigated with unique flux nature, i.e., axial flux [3]
and transverse flux [4]. In contrast, PMFSM with seg-
mented PM consequent pole configuration is thoroughly
investigated [5]—[8]. Besides flux nature and stator PM mag-
netization, numerous PMFSM is investigated with different
rotor position, i.e., inner rotor [9], [10], outer rotor [11], [12],
and dual rotor configuration [13], [14] with various stator
configuration to achieve maximum power density. Due to
better utilization of the available area to achieve higher pole
numbers and direct rotor coupling with turbine blades, inner
rotor PM flux switching generator (PMFSG) configurations
attract researcher interest; however, utilization of the inner
area is still poor [15].

To efficiently utilize the available space, dual rotor flux
switching generators are introduced that results higher power
density [16], [17]. Dual rotor machines have become one
of the hot topics in electric machine research area due to
independent power transform among two mechanical port
and reduced weight and volume. Author in [18] proposes
dual rotor structure to improve output torque however, with
the improvement in torque, other motor performance such
as back-EMF deteriorates and results higher order harmonics
content.

The torque density in dual rotor is improved by intro-
ducing drum winding machine [14]. Due to drum winding
configuration, the developed topology improves flux link-
ages. Comparative analysis of dual rotor drum winding topol-
ogy with dual rotor concentrated winding are investigated to
show superiority of higher torque by drum winding topol-
ogy however, stator of the dual rotor with drum topology
becomes slightly complex due to different winding toward
inner and outer rotor resulting different stator slots shapes
as well. Author in [19] proposed dual rotor with toroidal
coil connection and modular stator embedded PMs inside
upper and lower armature slot modules. This design results
sinusoidal back-EMF and flux linkages with reduced cogging
torque ripples however, this configuration exhibits leakage
flux in the outer shell of stator causing eddy current losses.
A new dual rotor with focus on optimization for multi-mode
operation is discussed in [20] however, inner rotor occupies
PMs and armature winding therefore, associates mechanical
constraints and requires slip rings. Thus, to retain brush-
less operation yokeless dual rotor is investigated in [21]
and brushless dual rotor for power allocation is investigated
in [22], however, narrow flux barriers may saturate that
degrades overall performance.
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Despite of dual-rotor topologies, partitioned stator struc-
ture had been research interest over the past few decades.
Author in [23] introduced hybrid excited partitioned stator
occupying armature winding in outer stator and field exci-
tation coils with PMs in inner stator which are sandwich
between segmented rotor pieces. This structure shows advan-
tages of achieving flux regulation capability however it shows
trade-off with output torque as it is affected by hybridiza-
tion ratio. Moreover, partitioned stator with different PMs
arrangements is investigated in [24], influence with the PM
types such as ferrite and NdFeB are studied in [25] and
analysis with single and double-layer winding are examined
in [26]. It is found that winding arrangement shows slight
influence on performance of partitioned stator topologies
whereas NdFeB offer excellent results performance in com-
parison with ferrite PMs. In additional, partitioned stator
in [27] harness two distinct synergies phenomena of magnet-
ically geared and switched flux. However, lack flux adjus-
tor which is incorporated in [28] to further improve torque
density.

Despite of partitioned stator, authors in [29] introduced
segmental rotor permanent magnet flux switching machines
with radially magnetized PMs on stator teeth’s that results
high torque density however, despite of the quasi back-EMF
with dominant even-order harmonics, the structure face man-
ufacturing complexity of arc-type PM to maintain constant
airgap and difficult cooling mechanism is required for PMs
placed at stator teeth. This concept of segmented rotor is
extended to Switched Reluctance Machine (SRM) in the form
of dual segmented rotor [30] however, despite of manufactur-
ing complexity of rotor segments holder, SRM suffers from
low torque and power density. Furthermore, modular stator is
investigated in [31] to achieve fault tolerant capability how-
ever, in modular stator topology as the PM width increases
the reverse flow of flux enlarged resulting degradation of
electromagnetic performances especially torque density.

To achieve high torque density, different studies have been
conducted with the time over different dual stator topolo-
gies. A low pole dual-stator topology is studied in [32], [33]
whereas multi-PM MMF harmonic is studied in [34] to
achieve high torque and power density. Low pole dual stator
topology shows disadvantage of large machine volume due to
axially coupling of two rotor and stator whereas dual stator
configuration with multi-PM MMF suffers from mechani-
cal constraints and are not feasible for high-speed applica-
tions due to segmented discrete rotor pieces. The aforesaid
demerits are incorporated in dual stator with fractional slot
distributed winding in [35] that results higher torque den-
sity however, due to distributed winding configuration, the
overhang effect increases, resulting an increase in copper
consumption and losses.

Concept of dual stator configuration has been extensively
studied to achieve higher power density in counter-rotation
generator topologies also. In this regard, a brushless double-
fed induction generator (DFIG) for counter-rotating turbines
is introduced in [36], DFIG endure high manufacturing cost
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FIGURE 1. Topology of PMFSG (a) Conventional DSCR-PMFSG and
(b) Proposed DRCR-PMFSG.

and large dimensions in direct-drive applications [37]. To fur-
ther improve the power density and overcome the said demer-
its of DFIG, author’s in [38], [39] introduce dual stator
counter-rotating PMFSG (DSCR-PMFSG) for wind turbine
applications as shown in Figure. 1(a). However, in dual stator
configuration, both the rotor and stator rotate in the opposite
direction to achieve counter-rotation resulting complexity in
the mechanical assembly parts and involving sliding contacts
(slip rings and brushes) which are associated with wear and
tear therefore, requires constant maintenance. The involve-
ment of the slip ring in a dual stator eliminated brushless
operation and made it a brushed-type machine associated
with friction losses. Moreover, due to rotation of the active
part, i.e., stator housing enclosing PM and armature winding,
the impact of the centrifugal force on PMs becomes domi-
nant, and generated heat from the active part that result PM
demagnetization.

To overcome the aforesaid demerits of PM demagne-
tization in DSCR-PMFSG, friction loss in slip ring of
DSCR-PMFSG and dual rotor occupying armature winding
and PMs in inner rotor, eliminating slip ring requirements to
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Front rotor blades
Rare rotor blades

FIGURE 2. lllustration of DDCRWT in DSCR-PMFSG and DRCR-PMFSG.

retain brushless operation in comparison with brushed opera-
tion of dual operating mode dual rotor and DSCR-PMFSG,
complex assembly and leakage flux issues of partitioned
stator, issues of reverse flux flow in modular stator structure,
friction losses of DSCR-PMFSG, overhang effect of dis-
tributed winding in dual-stator topology and further improve-
ment in torque and power density, this paper proposes a
novel dual rotor counter-rotating PMFSG (DRCR-PMFSG)
with single tooth non-overlapped concentrated winding
for counter-rotating wind power generation as shown in
Figure. 1(b). In the proposed DRCR-PMFSG, two sets of
rotors rotate in opposite directions to achieve counter-
rotation. In contrast, the stationary stator part remains
static, eliminating the requirements of the slip ring and
retaining brushless operation. Counter rotation in the pro-
posed DRCR-PMFSG is achieved so that the inner rotor
rotates clockwise, whereas the outer rotor rotates in an anti-
clockwise direction. This counter-rotation not only improves
power density but also retains the inherent brushless opera-
tion of flux switching.

In counter-rotation, the relative speed between two arma-
tures is larger, resulting in higher power generation at the
same stator size, indicating a diminished utilization of active
materials. Despite reduced material and high-power density,
dual rotor topology exhibits advantages of short flux path
resulting lower equivalent iron reluctance. It is important to
note that in comparison with DSCR-PMFSG, the proposed
DRCR-PMFSG offer advantages of two mechanical ports for
independent energy transfer between two mechanical ports,
i.e., inner rotor and outer rotor where each port individually
act like a separate generator such that one output is taken from
the inner armature, 2" output is taken from the corresponding

8245



IEEE Access

W. Ullah et al.: Comparative Study of Dual Stator With Novel Dual Rotor PMFSG

outer armature portion, whereas the cumulative response is a
summation of both inner and outer mechanical output ports.
Therefore, this paper aims to present a detailed investigation
of both DSCR-PMFSG and DRCR-PMFSG for wind turbine
applications in terms of the static characteristics, overload,
and over-speed capability.

The rest of the article is organized as, Section I dis-
cusses direct-drive counter-rotating wind turbines. Section III
investigated the design concept of DSCR-PMFSG and
DRCR-PMFSG. Sub-Domain Model is developed in
Section IV, Static analysis is analysed in section V, gen-
erating power performance is investigated in section VI.
Comparison of conventional and proposed DRCR-PMFSG
is evaluated in section VII and finally, some conclusions are
drawn in section VIII.

Il. DIRECT DRIVE COUNTER ROTATING WIND TURBINES
Numerous techniques for improving the conversion effi-
ciency of wind kinetic energy into electricity have been
studied in the last few decades. Among which Direct drives
counter-rotating wind turbines (DDCRWT) are the most effi-
cient ones. In this technique, the wind turbine is classified
based on rotational direction and spinning rotor. DDCRWT
is a type of dual-rotor wind turbine (DRWT) where two sets
of rotors are made to rotate in co-rotation or counter-rotation.
It is noteworthy that co-rotation is simply the rotation of both
front and rare rotors in the same direction. Therefore, the
focus will be on counter-rotation in the dual rotor and dual
stator configuration.

DDCRWT comprises two sets of rotors blades connected
at the front and a rare side rotating in the opposite direction
(counter-rotating), as shown in Figure 2. It can be clearly seen
that in DDCRWT, the front rotor blades rotate in a clockwise
direction, whereas the rare rotor blades rotate in a counter-
clockwise direction. It is worth noting that both upstream and
downstream are assumed to be uninformed, where both front
and rare rotor blades have the same rotational speed.

In the case of DSCR-PMFSG, there are two sets of arma-
tures consisting of circumferential magnetized sandwich PMs
between stator cores. For counter-rotation wind power gen-
eration, the rotor is connected to rare wind turbine blades,
whereas both inner and outer armature set is coupled with the
front set of a wind turbine. It is worth noting that in the case of
DSCR-PMFSG both rotor and armature parts rotate in oppo-
site directions. Since the armature part in DSCR-PMFSG
is not fixed and rotating, slip rings connections must be
connected with the phase winding during rotation of inner and
outer armature rotation. The connected slip ring is associated
with sliding friction losses, and this connection makes the
operation of DSCR-PMFSG a brushed operation that requires
constant maintenance.

The aforesaid problem is compensated in the proposed
DRCR-PMFSG. In the case of DRCR-PMFSG, the front
rotor blades are directly coupled to inner rotors to be
rotated in clockwise direction, whereas the rare rotor blades
are coupled to the outer rotor. To achieve the counter
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(b)

FIGURE 3. Linear illustration of magnetic flux path in (a) conventional
DSCR-PMFSG and (b) DRCR-PMFSGs.

()

FIGURE 4. FEA based magnetic flux path in (a) conventional DSCR-PMFSG
and (b) DRCR-PMFSGs.

rotating, both the rotor blades are designed to rotate in
the counter-clockwise direction. The counter-rotation of the
wind turbine can also be achieved in a non-direct drive
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system in the proposed DRCR-PMFSG utilizing a co-axial
gearbox.

Power density comparison of DRCR-PMFSG with single
rotor/wind turbine and direct drive co-rotating wind turbines
reveals that DRCR-PMFSG generate higher power density
due to two sets of rotors blades which lies in front and rare
sides of wind turbines rotating in the opposite direction. The
resultant power is generated due to front and rare side wind
turbines resulting in double power generation.

IIl. DESIGN CONCEPT OF DSCR-PMFSG

AND DRCR-PMFSG

Similar to conventional PMFSG, high power density and reli-
ability features are retained in conventional DSCR-PMFSG
and DRCR-PMFSG where rotors are robustly made of
stacked silicon steel sheets and all the excitation sources,
i.e., armature winding, and PMs are housed inside the stator.
DSCR-PMFSG comprises two armatures, i.e., inner armature
and outer armature, whereas one rotor in between both arma-
tures. Each armature part comprises alternatively clockwise
and counter-clockwise with opposite magnetization direc-
tions that are sandwiched between stator cores. To provide
path to working flux, the magnetization direction of the PMs
in the inner and outer armature are in opposite directions. The
magnetization direction, along with the flux path direction,
is shown in Figure. 3(a). It can be seen that the flux generated
from the inner armature PMs link with the rotor through the
inner air gap and then enter to outer armature through the
outer air gap. The flux in the outer armature passes again to
the rotor through the outer air-gap and links with the inner
armature through the inner air-gap to complete the magnetic
circuit. Overall, a series magnetic circuit is formed to com-
plete one flux path.

In comparison with DSCR-PMFSG, the proposed
DRCR-PMFSG is comprised of one stator and two rotors.
The rotors are located in the inner and outer regions,
sharing one common stator. The stator of the proposed
DRCR-PMFSG is encompassed alternatively opposite and
circumferentially magnetized PMs sandwich between the
armature winding of the upper slots and lower slots. More-
over, both the upper and lower slots are split through a flux
bridge that plays a major role in providing alternate flux
paths to complete the magnetic circuit path. The flux path of
the proposed DRCR-PMFSG is shown in Figure. 3(b). This
flux path is verified utilizing finite element analysis (FEA)
based JIMAG designer v.20.1 as shown in Figure.4. It can
be seen that delegated flux bridges play a vital role in the
flux path. The inner rotor’s flux enters the inner armature
portion through the inner air-gap that flows through the
flux bridge and then enters the inner rotor through the
inner air-gap at an alternate pole to complete the magnetic
circuit.

Similarly, the magnetic flux path of the outer rotor
also completed. Comparing the magnetic flux path of
DSCR-PMFSG and proposed DRCR-PMEFSQG, it can be seen
that DRCR-PMFSG complete magnetic circuits with two
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FIGURE 5. lllustration of design specification of (a) proposed
DRCR-PMFSG and (b) conventional DSCR-PMFSG.

parallel magnetic paths. The magnetic flux of the inner and
outer rotor superimposes the generated flux, resulting in
better flux modulation and enhanced output power capa-
bility to almost two times. Thus, using the same magnetic
loading, the proposed DRCR-PMFSG offers almost double
output power and higher torque density than the conventional
DSCR-PMFSG.

Design concept and modeling of conventional
DSCR-PMFSG along with key design parameters can be
addressed in [38], [39], whereas for proposed DRCR-
PMFSQG, stator slot (V) and rotor pole (N,) combination for
the inner and outer rotor are calculated as [40]

Ny =2mn; (mp=1,2,3...) €))]
N =NgEtn (mn=1,2,3..) )

where m is the number of phases, n] is integer number when
m is even number but 7; should be an even number in the case
when m is odd number because the number of stator pole must
be even.
Based on N, and generator speed (n), no-load back-EMF
frequency can be expressed as [41]
N,n
f= %0 3)
A reduced number of rotor poles is preferred for reduced
iron losses, whereas reduced pole number causes a reduction

8247



IEEE Access

W. Ullah et al.: Comparative Study of Dual Stator With Novel Dual Rotor PMFSG

TABLE 1. Design Specification of Proposed DRCR-PMFSG and
Conventional DSCR-PMFSG.

DRCR-PMFSG DSCR-PMFSG
Symbol Values Symbol Values
Ror—or 132 mm Ris—ir 65 mm
Ror_ir 112 mm Ris_yr 72 mm
Ror_yr 122 mm Ris—or 87 mm
R, 111.5 mm R 87.5 mm
R 81.5 mm Rep_in 91.5 mm
Rir—or 81 mm Rep_out 95.5 mm
Ri_ir 61 mm Ror 99.5 mm
Rir_yr 71 mm Ros—ir 100 mm
Wy, 10 mm Ros_yr 122 mm
Hyp 10 mm Ros—or 132 mm
Wp 10 mm Hpm_in 22 mm
Wom 9 mm Wom 5 mm
Hppm 30 mm Hpm—out 32 mm
Wssp 5 mm Hy_out 32 mm
Wep 5.5 mm Hg_in 22 mm
Higs 12.5 mm Hgy_out 10 mm
Hoyqs 12.5 mm Hgy_in 7 mm
Ain 2 mm Vs—in 24.4 mm
Aoyt 8 mm Vs—out 32.2 mm
Yin 8 mm Wep 7.5 mm
Yout 8 mm Yr-in 20 mm
6 18.5 mm Vr—out 23 mm
B 20 mm Wisp 4 mm
N, 100 H, 12 mm

N, 100

in phase back-EMF frequency. Considering a compromise
between high back-EMF and low-frequency operation, ini-
tially design with 12 stator slots and 14 poles (12S-14P) is
chosen.

Design specification of the proposed DRCR-PMFSG is
shown in Figure. 5, where leading design parameters are
marked. Since the proposed DRCR-PMFSG shares one sta-
tor portion with both inner and outer rotor, some geomet-
ric parameters will be shared. Therefore, sizing equations
accounts for both specific and shared geometric parameters.
Based on required rated voltage (V,), phase current (/,),
efficiency (1), and power factor, the output power (Pyy;) is
expressed as

Pour = mV, Iy ncosg 4
For PMFSMs, approximate sinusoidal induced back-EMF
is
e = —Ncw@max cOs (wt) ©)
w = 2w nN, 6)

Whereas N, and ¢4, are number of turns per phase and
maximum air-gap flux density and can be expressed as

N N,E o
‘ ﬁnﬂszNngBgfmax
Pmax = BgfmaxAcoil (8)

Whereas E is rms induced phase back-EMEF, k;, is aspect
ratio and Dy is air-gap diameter and expressed as
b 207N Ny LsDgBg— max

9
V2N ®
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FIGURE 6. Sub-domain regions and interface conditions.

L
kp = — (10)
8
PouN.
Dy = 3 . out!Vs (11)
\/ETC‘ nnNrAng—makakE cos (¢)

Whereas A; and Ly is electric loading and active stack
length.

Thus, sub-optimal design parameters of the proposed
CR-DRPMFSG such as outer radius of the outer rotor, the
outer radius of inner rotor, stator outer radius, PM height,
stator height, the width of the stator flux bridge is expressed
as

Ror—or = Rir—ir + Rir—or + 2Dg + Rso + Ror—ir (12)

Rir—or = Rir—ir + Wry + Hp (13)
Rso = Rir—ir + Wiy + Hyp + Dg + H; (14)
Hpm = Higs + Wy + Hous (15)
Hy = Higs + Wy + Hoas (16)
Wity = (R — Hoas) — (Rsi + Hias) (17)

Whereas based on the general design rule of permanent
magnet flux switching machines, initially stator tooth width,
rotor pole width, stator opening for inner and outer armature
winding, and PM width are assumed to be equal [42].

To account for saturation effects, improve torque calcula-
tion, and reduce slotting effects that cause cogging torque
in the air-gap, optimum design parameters are investigated
utilizing finite element analysis (FEA). The final optimum
design parameters of proposed DRCR-PMFSG and conven-
tional DSCR-PMFSG were obtained based on FEA using
built-in genetic optimization of JMAG designer v.20.1 as
listed in Table. 1, which is used for detailed performance
analysis of the DRCR-PMFSG.

IV. SUB-DOMAIN MODEL

Magnetic field distribution of electric machines is widely
investigated utilizing Finite Element Analysis (FEA) based
numerical techniques and analytical techniques i.e., confor-
mal mapping [43], magnetic equivalent circuit (MEC) [44],
lumped parameter MEC (LPMEC) [45], relative air-gap per-
meance calculation [46] and sub-domain model (SDM) [8].
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Based on comparative analysis of analytical techniques,
SDM is found to be more accurate than other analyti-
cal techniques [7]. SDM is widely adopted in permanent
magnet permanent magnet synchronous machine [47], [48],
consequent-pole flux switching machines [5], [7], [8],
vernier machines [49], and inner/outer rotor flux switching
machines [50] however, to the best of author knowledge,
no reference in literature reporting SDM in dual rotor per-
manent magnet flux switching machines (DRPMFSM) are
reported. Therefore, this section focusses on development of
SDM based on Laplace and Poisson equations accounting
magnetic saturation, slotting effects, winding configuration
and magnetization orientation.

In SDM, the proposed DRCR-PMFSG overall model is
divided into nine sub-domain regions (as shown in Figure. 6)
which includes inner/outer rotor slot region (Domain I),
inner air-gap region (Domain II), stator permanent mag-
net region (Domain III), outer air-gap region (Domain IV),
inner stator slot-opening (Domain V), inner stator slot region
(Domain VI), outer stator slot region (Domain VII), Perma-
nent magnet opening (Domain VIII), and outer stator slot-
opening (Domain IX).

Each of the aforesaid sub-domain regions are solved
for magnetic vector potential utilizing Laplace and Poisson
equations in polar forms. Generally, Laplace equation are
expressed as [51]

%A 194 193%A
oA tod 1A JfRi=r=R (18)
ar:  ror  r?ye? 01 <0 <0,
Simplifying by replace r with Rje™", we have
%A 3%A
oA LAy In(R1/R2) <t <0 (19)
> 962 61 <6 <6

Since overall machine is modeled into nine sub-domain
regions, magnetic potential of each region is computed one by
one. Utilizing Laplace and Poisson equation, magnetic vector
potential in domain I to domain IX are computed as

Domainl 3°A; | 9%A;
inner rotor = §2 962
In(Ry/R2) <t <0
=0 20
{ei_rsese,-_rw G0
Domainl 924;  9%A;
Outer rotor = §42 962
In(Rg/Rg) <t <0
=0 21
Oir 0 <0y +y @1)
A 0%A
Domain Il : ——" + =
ot a0
_ o) In(R2/R3) <t <0
=0 ;<6 <6 +vy (22)
8%A 8%A
Domain III ;” g”
ot 00
_ . Ms |In(R3/Rg) <t <0 (23)
°r ei—pm <0< Gi—pm +y

VOLUME 10, 2022

32Ay

Domain 1V : 3
ot

In(Rg/Ry) <t <0

=0
{ Oi—r

8ZAy

Domain 'V : 3
ot

—0 { In(R3/R4) <1 <0

ei—x
9%A

Domain VI : a—zw
t

= _MOJ

%Ay

Domain VII : 5
at

8%Ay
962

=0=<bir+vy 29

8ZAy
962

<0=<0is+a (25)

32Ay;
962
In(R4/Rs) <t <0
0is<0<0b_s+a
%Ay
96>

(26)

+

In(Rg/R7) <t <0
Oi—s <0 <0is+ta
PAvim  *Avin
ar* 96°

_ 0 { In(R3/Ry) <1 <0
0 s<0<b_s+a

82A[X 32A1X
ar? 36>
—0 { In(R7/Rg) <t <0

— @7

Domain VIII :

(28)
Domain IX :

s <6 <6y +a 29

General solution of the magnetic vector potential of the
all the domains are obtained by solving Laplace and Poisson
equations using boundary and interface conditions consider-
ing magnetic vector potential continuity using variable sepa-
ration methods.

A. BOUNDARY CONDITIONS

Boundary conditions are defined to compute vector potential
function for all sub-domain regions. Inner and outer rotor
slots (Domain I) and its associated bottom are covered with
lamination core where tangential magnetization is zero and
the boundary conditions are represented as

0A]
% 0=0i_r
0A;
06
0A;
90 6=0
Radial magnetic field component between inner air-gap

and PM regions based on continuity of tangential magnetic
field intensity leads to boundary condition as

=0

=0
0=0;_,+y

=0

(30)

|1 o
or r=R B Ho ar r=R
oAl o[ oy
a0 r=R3 Ho a0 r=R3

Similarly, radial magnetic field component between outer
air-gap and PM regions based on continuity of tangential
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FIGURE 7. B-H magnetization curve.

magnetic field intensity leads to boundary condition as

o1 A
or r=R, - Mo Or r=R,
A1 dAm| o
89 r=Rg Mo 89 r=Rg

Stator are composed of lamination core material in which
the flux flow and ultimately current flows, Therefore, bound-
ary conditions between inner/outer air-gap and stator core is
given by

0A;
ar = ot lr=p,
r=R3 (33)
9A;
S [,
ar r=Rg

B. STATOR SLOT AND ROTOR POLE COMBINATION

In the aforesaid sub-domain regions, rotor slot opening, stator
slot opening, and permanent magnet opening are represented
as y, o, and B, respectively which varies with the rotor pole
number, stator slot and number of PM being used. These
angular position of the i rotor slots, i?" stator slot and iI’,};,l per-
manent magnet with respect to variation of the rotor poles and
stator slots combination is expressed as

14 2i,m .
Oi—r = _E + N + 650 for 1 <i, <N, (34)
r
o
by = =3+ =40, forl=i =N, (39
s
B 2ipmm )
ei—pm = 5 + Np:m + epmo Jor 1< Ipm = Npm (36)

C. MAGNETIC SATURATION

Permeability of the rotor and stator core differs with operating
points and behave in non-linear forms therefore, effects accu-
racy of the analytical model due to magnetic saturation. Thus,
to account the effects of magnetic saturation, permeability
of the core material required to be updated through iterative
process. Therefore, an exact relation between flux density
and field intensity (B-H curve) is required for computation
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of magnetic reluctance of core material. An approximates
magnetization curve can be expressed as

B: (H:) = o A H: 4 b, ((cotn (T 8 37
z( z)—,uo{ i+ S(CO (?>_<E>>} ( )

Whereas M, and § are saturation magnetization and mate-
rial coefficient, respectively. B; and H; are magnetic flux
density and field intensity, respectively for the core material
which is computed through iterative process.

Magnetic field intensity in core material (rotor/stator) are
computed as

-1
H(L—l — AF, ln
! [
Whereas AF l."_l is node magnetic potential drop and [ is
length of the core material.

Based on AF i"*] , permeability of core is updated in accor-
dance with the magnetization curve as

n—1
{H;’_l + M, <coth (Hf(S ) —~ %)}
;= ' (39)

:u’r H”71

1

(38)

This process is repeated in iterative process by updating jt,
until precise B} and H' are obtained where B is obtained as
P

Blf‘ = AF'—

i 7 (40)
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FIGURE 10. Validation of cogging torque (a) inner rotor and (b) outer
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FIGURE 11. Validation of magnetic flux density (a) Inner rotor and (b)
Outer rotor.

After several iterations, B-H magnetization curved of the
core material obtained as shown in Figure. 7.
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FIGURE 13. Open-circuit phase back-EMF (a) waveform and (b) harmonic
spectra.

D. WINDING CONFIGURATION
By varying the winding configuration, the phase flux vector
varies. This phase flux vector in case of single layer winding
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connection is expressed as

Va ,
Up | =NC 1 ¢ 3
Ve
Whereas C and ¢ are matrix connection and slot flux. The
inner and outer stator slot flux are computed as

B In(R4/Rs)

on] @D

RiLs a
Pinner = _E e “Ayy(t,0)dtdo  (42)
f 0 5
2 B In(Re/R7)
RiLs o
Pouter = — Akf e “Ayy; (t,0)drdo  (43)
0 0

Whereas A and ky are slot area and filling factor.
In case of double layer winding, the phase flux vector is
computed as

T ou o N, |
Ya ’
Vo | =5 1 +C [0 dig ¢n.] (44
Ve
fori=1,2...
Whereas
) B/2 In(R4/Rs)
2Ry Ly —
¢inner = - e “Ayy (¢, 9)dtd9 45)
Akf

0 0
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) B/2In(Re/R7)
2R;L;

—2t
Ay (¢, 0)dtdo
Al e vii (¢, 0)

(46)

¢0uter = -

0 0

E. PERFORMANCE ANALYSIS
Based on air-gap magnetic flux density, back-EMF waveform
is computed utilizing Faraday’s Law as

dyr

E.(t) =—N.— 47
(1) = o (47)
The phase flux is computed as
2w
v (1) = LsR/BIIr(ta 0)do (48)
0

Finally, using radial (B,) and tangential (By) magnetic flus
density components, cogging torque are obtained as

L 3
T = —/B, (t,0) By(t, 0)dO
Ho

(49)
Whereas
B — 1 0A;
T a0
g )
00
fori=11,1V

The developed SDM is validated by comparing perfor-
mance analysis such as phase flux linkage, back-EMF, cog-
ging torque and magnetic flux density obtained through FEA
and analytical method as shown in Figure. 8 to Figure. 11.
It can be clearly seen that developed SDM fairly match FEA.

V. STATIC ANALYSIS

This section investigated finite element analysis (FEA) based
static performance of conventional DSCR-PMFSG and pro-
posed DRCR-PMFSG. Static performance is obtained under
open-circuit analysis and brushless AC operation. Under
open-circuit conditions, phase flux linkage, back-EMF, and
cogging torque are obtained, whereas instantaneous torque
is obtained under brushless AC operation. Detailed per-
formance of conventional DSCR-PMFSG and proposed
DRCR-PMFSG is illustrated in Figure. 12-14.

FEA-based open circuit analysis of the flux linkage
waveform is shown in Figure. 12(a) and harmonic spec-
tra in Figure. 12(b). Quantitative analysis reveals that the
maximum peak flux linkage offered by DSCR-PMFSG is
0.1571 Wb. In contrast, the proposed DRCR-PMFSG offers
0.2094 Wb with the peak-to-peak flux of 0.3142 Wb by
DSCR-PMFSG and 0.4188 Wb DRCR-PMFSG, which is
mainly due to improved flux path and dominant high fun-
damental component and lower higher-order harmonics con-
tent contributing to the fundamental component. It can be
clearly seen that in the case of counter-rotation with the
proposed dual rotor configuration, the magnitude of the flux
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linkage increases by 33.29%. Therefore, due to higher phase
flux, the induced back-EMF is also improved, as shown in
Figure. 13(a). In open-circuit analysis, back-EMF is induced
at the open winding terminals when no source is applied to the
armature winding. Quantitative analysis reveals that the max-
imum peak back-EMF offered by DSCR-PMFSG is 329.76 V
whereas the proposed DRCR-PMFSG offers 433.858 V. The
RMS value of 232.96 V is offered by DSCR-PMFSG and
306.73 V by DRCR-PMFSG. The improved back-EMF in
the proposed DRCR-PMFSG is mainly due to higher flux
and dominant higher fundamental component with additional
higher-order harmonics content that contributes to the fun-
damental component, as shown in Figure. 13(b). Analysis
reveals that in the proposed DRCR-PMFS, back-EMF is
improved by 31.72%.

Flux modulation effect due to salient rotors structure shows
major role in air-gap magnetic flux density where the field
harmonics generated by PM and armature reaction rotates
synchronously to generate the torque. Since the proposed
DRCR-PMFSG configuration is associated with two mechan-
ical ports, i.e., inner rotor (IR) and outer rotor (OR) therefore,
the influence of both individual rotors on cogging torque and
instantaneous torque are investigated in Figure. 14.

From Figure. 14(a), it can be clearly seen that the inner
rotor of DRCR-PMFSG (IR-DRCR-PMFSG) offers peak
to peak cogging torque of 7.73 Nm, whereas the outer
rotor of DRCR-PMFSG offers 13.01 Nm and conventional
DSCR-PMFSG exhibits 16.617 Nm. Quantitative analysis
of DSCR-PMFSG with IR-DRCR-PMFSG reveals that in
the proposed DRCR-PMFSG with an inner rotor, cogging
torque is reduced by 53.48%. In contrast, in comparison with
OR-DRCR-PMFSG, cogging torque is reduced by 21.7%.
Therefore, the proposed DRCR-PMFSG offers low vibration
and acoustic noise [52] and low torque ripples content in
instantaneous torque, as seen in Figure. 14(b).
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Quantitative analysis of instantaneous torque reveals that
IR-DRCR-PMFSG offers average torque of 18.36 Nm.
In contrast, OR-DRCR-PMFSG exhibits an average torque
of 23.87 Nm with a cumulative torque of 42.23 Nm in
DRCR-PMFSG, whereas DSCR-PMFSG offered an average
torque of 57.12 Nm, which is 35.25% higher at the cost of
increased torque ripples. Because the torque ripples exhibited
by DSCR-PMFSG is 74.85 Nm, whereas IR-DRCR-PMFSG
displays torque ripples of 24.35 Nm and OR-DRCR-PMFSG
shows torque ripples of 32.39 Nm. Detail comparison of
torque ripples of DSCR-PMFSG with IR-PMFSG unveils
that IR-DRCR-PMFSG offers 67.45% lower torque ripples,
whereas comparison with OR-DRCR-PMFSG shows 56.72%
reduced torque ripples.

VI. GENERATING POWER PERFORMANCE

Power generating performance of proposed DRCR-PMFSG
and conventional DSCR-PMFSG includes output current,
output voltage, output power, losses, efficiency, output power
density, and voltage regulation capability under symmetrical
external resistive load. Detailed analysis under-rated con-
dition and combined overload and over-speed capability is
performed.

A. RATED PERFORMANCE

Rated output phase voltage and phase current for DSCR-
PMFSG is shown in Figure 15(a) whereas for proposed
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FIGURE 19. Behavior of output power density with output current in
(a) DSCR-PMFSG and (b) DRCR-PMFSG.

DRCR-PMFSG cumulative (addition of both inner and outer
armature port) voltage and current under rated conditions is
shown in Figure. 15(b). Detailed analysis evident that con-
ventional DSCR-PMFSG offer peak rated voltage of 228.3
V (Vis = 161.43V) and peak rated current of 2.85 A
(Iyms = 2.02A), whereas the proposed dual port DRCR-
PMFSQG, peak rated voltage of 199.75 V (Vs = 141.45V)
and peak rated current of 2.06 A (I,,,s = 1.46A) are achieved
at inner armature port whereas outer armature port offers
peak rated voltage of 237.97 V (V,,,, = 168.27V) and peak
rated current of 2.45 A (I,,,s = 1.73A). Analysis reveals that
in comparison with conventional DSCR-PMFSG, cumulative
voltage of 91.7% and cumulative current of 58.59% higher
is achieved in proposed DRCR-PMFSG under rated operat-
ing condition. The improved voltage and current profile of
the proposed DRCR-PMFSG are mainly due to dual flux
modulation through stator flux bridge with the inner and
outer rotor incorporating inner and outer armature which
contributes to the cumulative output profile. In addition, rated
operating power for DSCR-PMFSG is 973.42 W whereas for
the proposed DRCR-PMFSG cumulative power (summation
of inner and outer armature port power) is 1491.95 W. This
shows that under the same specification, DRCR-PMFSG
offer 1.53 times power than the counterpart DSCR-PMFSG.
This is because inner armature port contributes 618.63 W and
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outer armature contributes 873.32 W in cumulative output
power of 1491.95 W that results an improved power. It is
worth noting that flux linkages, back-EMF, output voltage,
output current and generating power performance are illus-
trated and investigated as per cumulative response, not on
individual port contribution.

B. OVERLOAD AND OVERSPEED CAPABILITY

This section coupled overload and over-speed capability
for detailed investigation of generating power performance
of both DSCR-PMFSG and DRCR-DRPMFSG, so that
influence of the load variation with various speeds is analyzed
in detail. In the case of over-speed capability, the design is
operated at a higher speed than the rated. In contrast, in the
case of the overload capability, a detailed investigation is
performed on key performance indicators, i.e., voltage reg-
ulation, output current, output phase voltage, output power,
power density, loss, and efficiency with various symmetri-
cal, balanced three-phase resistive load. Voltage regulation is
computed as [53]

E,
U= (— — 1) 100% (51)
U,

o
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FIGURE 22. Cross sectional view of conventional (a) Inner rotor
permanent magnet flux switching generator (b) Outer rotor permanent
magnet flux switching generator (c) Inner rotor field excited flux switching
generator and (d) Dual rotor field excited flux switching generator.

TABLE 2. Quantitative performance of conventional and proposed design.

DESIGNS 'I’pp EMF (V) Tcog IL VL (V) losses
(Wb) Nm) (A W)

DRCR-

PMFSG 0.39 292.69 7.73 3.19 309.5 221.34

DSCR-

PMFSG 0.32 245.57 16.62 2.01 161.43 146.87
IR-

PMFSG 0.17 133.36 9.27 1.31 129.52 222.38
OR-

PMFSG 0.14 108.93 12.6 1.1 108.35 75.5
IR-

FEFSG 0.25 133.46 0.27 1.3 87.76 25.19
DR-

FEFSG 0.1 68.97 1.25 0.67 65.45 52.55

Whereas U, is output load voltage and E, is open-circuit
back-EMF, which is computed as

Ey = Iy (Ry + Rpp)” + X2 52)
U, = I,Ry
Thus
2
Ry + Rop)* + X2
U= V(R + ) 1) i00% (53

Ry

Whereas Ry is connected resistive load, Ry, is phase wind-
ing resistance and X is winding synchronous reactance.

Figure. 16 shows a variation of the voltage regula-
tion factor of conventional DSCR-PMFSG and proposed
DRCR-PMFSG with output phase current and various oper-
ating speeds. It can be evident that with the increase in the
rotational speed, the voltage regulation factor tends to rise due
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FIGURE 23. Cogging torque comparison between conventional and
proposed design.

to the increase in the induced back-EMF and output voltage.
However, analysis unveils that the growth rate of voltage
regulation factor of DRCR-PMFSG is lower in comparison
with the counterpart DSCR-PMFSG due to the distribution
of mechanical output port that divides the overall voltage
regulation factor to both the armature coils connected back-
to-back in the stator slots and separated by flux bridge. In the
case of DSCR-PMFSG the lowest voltage regulation factor of
24.04% is achieved at 1000 rpm whereas the highest voltage
regulation factor of 95.08% at 2000 rpm whereas in the case
of proposed DRCR-PMFSG, the lowest voltage regulation
at 1000 rpm is 11.41%, and highest voltage regulation factor
at 2000 rpm is 41.69%. Moreover, at the rated operating
condition, DSCR-PMEFSG exhibits 53.4% voltage regulation
whereas 23.56% voltage regulation is obtained in proposed
DRCR-PMFSG. A quantitative comparison of the conven-
tional DSCR-PMFSG and proposed DRCR-PMFSG reveals
that DRCR-PMFSG exhibits 55.88% improved voltage reg-
ulation factor, therefore, offers more stable voltage with the
variation of the load changes. Moreover, RMS output voltage
response with RMS output current of both DSCR-PMFSG
and DRCR-PMFSG is shown in Figure. 17. At the lowest
speed of 1000 rpm, DSCR-PMFSG offers an output volt-
age of 115.08 V, whereas DRCR-PMFSG exhibits an output
voltage of 226.42 V that is 96.75% higher than its counter-
part. Moreover, at a high-speed of 2000 rpm, DSCR-PMFSG
shows an output voltage of 199.94 V, whereas 413.18 V is
offered in the case of the proposed DRCR-PMFSG, which
is 2.06 times the conventional DSCR-PMFSG. In addition,
a comparison of the output voltage at rated operating con-
ditions demonstrates 158.66V and 322.31V for conventional
DSCR-PMFSG and DRCR-PMEFSG, respectively. This anal-
ysis reveals that as soon as the rotational speed increases, the
voltage drop rate in DSCR-PMFSG becomes higher in com-
parison with DRCR-PMFSG. It is evident that output volt-
ages increase linearly with variation in speed with decreasing
slop with a variation of the connected load. Output voltage
stability under different resistive loads is analyzed from the
curve slope. Analysis reveals that the slope of the curve for
DRCR-PMFSG is higher than DSCR-PMFSG, thus indicat-
ing higher voltage variation with the resistive load variation,
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therefore, exhibits advantages of maintaining more stable
voltage. Output power and power density for DSCR-PMFSG
and proposed DRCR-PMFSG are illustrated in Figure. 18
and Figure. 19, respectively. The analysis illustrates that
conventional DSCR-PMFSG exhibits a good response in
terms of the output power and power density till 1500 rpm,
where the output power and corresponding power density
increase with the increase in speed. When the rotational speed
is increased further, the output power starts to saturate at
1750 rpm, and with the further increase in speed to 2000 rpm,
the output power starts to decrease. In contrast, the output
power and power density of the proposed DRCR-PMFSG
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FIGURE 26. Back-EMF comparison of conventional and proposed design.

continue to increase with the increase in speed. Thus, it evi-
dent wide and high-speed operation capability of the pro-
posed DRCR-PMFSG.

Quantitative comparative analysis of DSCR-PMFSG and
DRCR-PMFSG unveil that proposed DRCR-PMFSG offer
comparatively higher output power and power density.
In rated operational conditions under low, medium, and high
speed, conventional DSCR-PMFSG exhibits power density
of 0.525, 0.857, and 1.125, respectively, whereas proposed
DRCR-PMFSG offers 0.757, 1.47, and 2.23 power density,
respectively. Analysis reveals that DRCR-PMFSG offers a
power density of 1.44 times at low speed (@speed = 1000),
which is amplified to 1.72 times at medium speed (@speed =
1500) and 1.98 times at higher speed (@speed = 2000).
The main reason behind the improvement is that the growth
rate of the power density lies in the output power curve that
saturates in the case of DSCR-PMFSG and increases in the
case of DRCR-PMFSG. This is because, stator is energetic
part and consist of PMs and armature winding therefore,
undergoes centrifugal force with rotation, causing dominant
demagnetization of PM resulting saturation of the output
curve. Finally, both DSCR-PMFSG and DRCR-PMFSG are
investigated for losses and efficiency, as shown in Figure. 20
and Figure 21, respectively. Detailed investigation of loss for
CR-DRPMFSG reveals that as soon as the connected load
varies and rotational speed increases, corresponding losses
tend to surge because of the rise in core losses due to elevation
of frequency. Moreover, the variation of the losses under
various speeds reveals that in the case of DSCR-PMFSG
the losses continue to decline, but the decrement rate is
slow compared to the proposed DRCR-PMFSG despite lesser
overall losses. For conventional DSCR-PMFSG, at higher
speed, the losses are high. In contrast, the corresponding out-
put power also declines as the output power tends to saturate
at medium speed and decline at a higher speed which greatly
reduces efficiency at higher speed, as shown in Figure. 21(a).
It is evident that for DSCR-PMFSG since the output power
reduces with the speed and losses increase, the resultant
efficiency continues to decrease at a higher speed. Therefore,
DSCR-PMFSG offers maximum efficiency of 88.56% at a
speed of 1000 rpm, whereas 88.08% efficiency is obtained

VOLUME 10, 2022



W. Ullah et al.: Comparative Study of Dual Stator With Novel Dual Rotor PMFSG

IEEE Access

FIGURE 27. Rotor pole shaping (a) Chamfering (b) Notching (c) Eccentric
circle and (d) sine shape.
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FIGURE 28. Cogging torque profile of (a) Inner rotor and (b) Outer rotor.

at rated operating conditions. In the case of the proposed
DRCR-PMFSG, with the increase in the rotational speed, the
corresponding output power tends to rise at a lower incremen-
tal rate of increase in the losses resulting in high efficiency at
the high-speed region. The proposed DRCR-PMFSG offers
the highest efficiency of 90.195% at a speed of 2000 rpm,
whereas at rated operating condition of 1500 rpm, 87.98%
efficiency is obtained is shown in Figure. 21.

VIl. COMPARISON OF CONVENTIONAL AND

PROPOSED DRCR-PMFSG

In order to evaluates effectiveness of proposed DRCR-
PMFSG, detailed comparative analysis between proposed
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FIGURE 29. Instantaneous torque profile of (a) Inner rotor and (b) Outer
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design and conventional inner rotor PMFSG (IR-PMFSG)
[54], outer rotor PMFSG (OR-PMFSG) [55], inner rotor field
excited flux switching generator (IR-FEFSG) [56], and dual
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rotor field excited flux switching generator (DR-FEFSG) [17]
are investigated as shown in Figure. 22. A detailed quan-
titative performance analysis of proposed and conventional
designs are listed in Table. 2 with key performance indi-
cators i.e., phase flux linkage (¥,,), back-EMF (Epr),
cogging torque (T¢g), load current (/. ), load voltage (V) and
losses (lysses)-

Based on comparative analysis it can be seen that both
IR-FEFSG and DR-FESF topologies exhibit lower T¢,g (as
shown in Figure. 23) and losses than counterpart PM excited
machines however, field excited machines offer lower load
current and voltage (as shown in Figure. 24) resulting lower
output power.

In case of PM excited machines, both IR-PMFSG and
OR-PMFSG offers better performance than field excited
machines but lower than DSCR-PMFG. Comparative study
of conventional designs reveals that DSCR-PMFSG offer
excellent performance among IR-PMFSG and OR-PMFSG
however, in comparison with the proposed DRCR-PMFSG,
conventional DSCR-PMFSG results lower output current and
voltage that leads to reduced output power. Based on quanti-
tative analysis, analysis unveil that proposed DRCR-PMFSG
offer higher output power. Moreover, waveform of the phase
flux linkage and back-EMF are shown in Figure. 25 and
Figure. 26, respectively. It can be clearly seen that proposed
DRCR-PMFSG exhibits highest phase flux linkage and back-
EMF resembling sinusoidal waveform. From cogging torque
waveform, it is found that proposed DRCR-PMFSG exhibits
dominant cogging torque that results torque ripples in torque
waveform.

This torque ripples are due to higher order harmonics
especially 5™ and 7" order harmonics in the back-EMF [57]
which is replicated in output current and voltage as well.
In order to reduce cogging torque and mitigate torque ripple
to achieve sinusoidal output voltage and current profile, this
paper utilizes various techniques i.e., chamfering, notching,
eccentric circular shape and sine shape rotor techniques (as
shown in Figure. 27) which is thoroughly discussed in author
previous studies [52]. Variation of the inner/outer rotor cog-
ging torque profile, inner/outer rotor instantaneous torque,
and load profile (output voltage and current) is shown in
Figure. 28, 29 and 30, respectively whereas quantitative val-
ues are listed in table 3. From Figure. 28, it can be clearly seen
that rotor pole shaping effectively suppressed cogging torque
in both inner and outer rotor. Detail quantitative analysis
from the table 3 reveals that in comparison with the initial
original rotor pole shape, inner rotor shape with chamfering,
notching, eccentric circle, and sine shape reduces cogging
torque by 31.56%, 50.45%, 65.2% and 66.62%, respec-
tively whereas for outer rotor cogging torque is mitigated by
44.42%, 50.65%, 66.56% and 67.33%, respectively.

Since, cogging torque is suppressed which result reduced
pulsation of the instantaneous torque as shown Figure. 29
ensuing reduced torque ripples in both outer and inner rotor.
Analysis unveils that in case of inner rotor with chamfering,
notching, eccentric circle and sine shape rotor, torque ripple is
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truncated by 50.35%, 54.13%, 55.81%, and 58.43%, respec-
tively whereas for outer rotor, torque ripples is reduced by
54.92%, 46.18%, 47.48%, and 62.92%, respectively.

In additional, it is noteworthy that rotor pole shaping results
dominant effects of cogging torque and torque ripples reduc-
tion however, average torque is affected in case of chamfering
and notching which results lower average torque whereas
eccentric circle and sine shape slightly improves average
torque at both inner and outer rotor. Moreover, due to ripples
content reduction and elimination of the higher order har-
monics content, the output profile of the voltage and current
becomes more sinusoidal as shown in Figure. 30 that fitted
best for grid connection and required for AC applications.
Based on comparative analysis of different rotor pole shapes,
it is evident that for the proposed DRCR-PMFSG design,
reduced cogging torque, torque ripples due to reduction of
5t and 7 order dominant harmonics content as a result
sinusoidal output voltage and current is achieved with sine
shaped rotor without influencing average torque profile. It is
worth mentioning that due to reduction of higher order har-
monics content, total harmonic distortion of the load profile
(voltage and current) is reduced from 8.75% to 3.89%. Com-
prehensive quantitative analysis of the torque profile of initial
original design with rotor pole shaping reveals that maximum
cogging torque is reduced by 67.33% and torque ripples are
suppressed by 62.92% in case of outer rotor whereas for inner
rotor, cogging torque and torque ripples are suppressed by
66.62% and 58.43%, respectively.

Finally, detailed comparative study of conventional
DSCR-PMFSG, IR-PMFSG and OR-PMFSG cogging torque
(as listed in table 2) with proposed DRCR-PMFSG design
reveals that in case of inner rotor, DRCR-PMFSG with sine
shaped rotor offer 84.4% reduced cogging torque than DSCR-
PMFSG, 72.17% less cogging torque than IR-PMFSG and
79.52% reduced cogging torque than OR-PMFSG whereas
in case of outer rotor, proposed DRCR-PMFSG exhibits
74.48%, 54.26%, and 66.35% less cogging torque than
conventional DSCR-PMFESG, IR-PMFSG and OR-PMFSG,
respectively.

TABLE 3. Torque profile of proposed DRCR-PMFSG with rotor pole
shaping.

Torque Original ~ Chamfering Notching Eccentric ~ Sine
profile (Nm) circle shape
Ta—in 18.36 16.78 17.35 18.89 18.51
Ta—out 23.97 24.55 23.51 22.98 24.09
Te—in 7.73 5.29 3.83 2.69 2.58
Te—out 13.01 7.23 6.42 435 4.24
Tr_in 24.35 12.09 11.17 10.76 10.12
Ty _out 32.39 14.60 17.43 17.01 12.01

T,_in= average torque of inner rotor, T,_,,,= average torque of outer rotor,
T,_in= cogging torque of inner rotor, T,_,,,= Cogging torque of outer rotor,
T,_in= torque ripple of inner rotor, T,._,,,= torque ripple of outer rotor

VIIl. CONCLUSION

In this paper, a novel DRCR-PMFSG for wind turbine
applications is proposed and comparatively analyzed with
conventional DSCR-PMFSG under static characteristics,
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overload, and wide speed range for generating output
power, voltage, current, power density, and efficiency. Com-
pared with DSCR-PMFSG, the proposed DRCR-PMFSG
demonstrates advantages of eliminating the requirements
of slip rings and retain brushless operation. Moreover,
quantitative comparative analysis under static Analysis evi-
dent that proposed DRCR-PMFSG exhibits 33.29% higher
flux, suppressed cogging torque and torque ripples up to
53.48% and 67.45%, respectively. Furthermore, analysis
under overload and over-speed exposes that in compari-
son with DSCRP-PMFSG, the proposed DRCR-PMFSG
improves voltage regulation factor by 55.88%, output current
enhanced by 67.9%, raise output voltage to 2.01 times and
power density to 1.72 times while maintaining the efficiency
of 90.195% and achieving stable voltage profile with load
variation. However, in comparison with the inner and outer
rotor topologies, the proposed DRCR-PMFSG shows dis-
advantages of complex structure. Finally, to justify effec-
tiveness of proposed DRCR-PMEFSQG, a detailed comparative
analysis with conventional designs is performed and to vali-
dates finite element analysis (FEA) utilizing JMAG Designer
v.20.1 a comprehensive mathematical modelling based on
sub-domain model is developed accounting stator slot and
rotor pole combinations, magnetic saturation, and winding
configuration.

APPENDIX A: FEA BASED DESIGN PROCESS

FEA based design process is performed in two phases
utilizing JMAG designer v20.1. Phase 1 is performed in
geometry editor of JMAG whereas phase 2 is performed in
JMAG designer. A detailed flow chart of the two phases is
shown in Figure. 31.

It can be clearly seen that in phase 1 in geometry edi-
tor, different machine parts are designed based on design
specification as listed in table 1. Once all design parameters
are developed the model is imported to JMAG designer for
phase 2. This phase consists of two parts. In first machine set-
tings are done on the developed machine parts i.e., material is
assigned to each part and conditioned are applied accordingly
in such a way that rotation is applied to the rotors, circuit is
developed for coil connections of armature windings and PM
are assigned magnetization patter. Once all the pre-requisite
conditional settings are done, mesh are developed, and coil
test is performed.

In coil test, coil connection of armature windings is tested
for no-load three phase flux linkage and sinusoidal three
phase back-EMF. The coil connection obtained for the pro-
posed DRCR-PMFSG is shown in Figure.1l. Once, no-load
test is performed and the required three phase flux and
sinusoidal back-EMF is obtained, the model is shifted to
performance analysis. In this case, first no-load performance
is investigated and then on-load which are compared with
conventional base reference and if the target doesn’t meet
then the model is procced for optimization for improving per-
formance whereas if the required outputs are obtained, finally
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the model is procced for detailed analysis to test the model for
rated performance and overload/overspeed capability.
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