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Abstract—The potential of wind energy resources is propelled
fast and power extraction is increasing considerably due to the
development of reliable and cost-effective wind turbine generators.
Various permanent magnet (PM) wind generators have been
implemented for wind power generation, among which, the
conventional transverse-flux permanent magnet generator
(TFPMG) is popular due to their higher torque density and simple
coil design, but it has some disadvantages in comparison with
radial flux PM generator, i.e., higher flux leakages and complex
3D flux pattern. In this article, a fall-back inner rotor transverse-
flux PM wind generator FB-TFPMG has been investigated to
override the disadvantages of conventional TFPMG. It employs
half of the total PMs on the rotor and U-shaped stator cores. An
analytical model of the proposed FB-TFPMG has derived using
magnetic equivalent reluctance circuit (MERC) to predict the
performance of the generator, i.e., flux densities in the air-gap,
under aligned and unaligned conditions of rotor PMs with
U-shaped stator cores. The results of the MERC model is verified
with the results obtained through 3D finite element analysis.

1. INTRODUCTION

The priority for generating power has shifted to a great
extent to renewable energy sources such as solar and
wind energy. Among renewable energy sources, wind
energy has attracted a lot of attention due to advance-

ments in wind generator technologies [1, 2]. The key
objective of the developments is to explore the relevant
generator system for overall performance improvement.

For a decade, various wind generation concepts with dif-
ferent PM generator designs [3–5] have been developed
and proposed to improve efficiency, reduce size of the
system, costs, and better power quality. Direct-drive per-

manent magnet (PM) generators are suitable for large-cap-
acity of wind power plants; are reliable, have longer life,
improved performance with lower maintenance, lower
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capital cost, and less weight [6–9]. A comparison of dif-
ferent generator topologies [10–13] has been carried out
and among all, the conventional transverse-flux PM gener-
ator (TFPMG) is emerging as a suitable direct-drive wind
generator due to its high torque density [14–16] and sim-
ple coil structure. Various topologies of TFPM generator
have been reviewed, viz., single-sided and double-sided
TFPMG [17], with surface-mounted and inset-mounted
PM [18], the inner-rotor and outer-rotor [19] TFPMG,
flux-concentrating TFPMG [20], claw-pole TFPMG [21],
C-core, U-core [22], and E-core TFPMG [23]. The mod-
eling methods, i.e., magnetic equivalent circuit [24],
finite-element analysis models [25], harmonic method and
magnetic charge method [26] have been discussed in the
literature to model the TFPM generators. The major limi-
tations of conventional TFPMG are complex design,
uneven magnetic flux distribution, and high leakage flux
due to multi-dimensional magnetic flux pattern. Due to
the larger size and mass of the TFPM generators, the
total cost and the operational issues are two primary fac-
tors to be resolved by inventing new topologies. In con-
ventional TFPMG, only half of the employed PMs are
effectively participating in the energy conversion process
[27]. The iron bridges are the alternatives inserted
between nearby stator cores, to restrict the excessive large
leakage flux. This flux leakage initiates the additional cur-
rent in the iron bridge, which reduces the effective flux
linkage, contributes to increased power loss and lowering
the efficiency of the machine slightly. Various magnetic
equivalent circuits [24, 28–31] have been studied for vari-
ous topologies of TFPMGs to predict the performance of
the generator.

A fall-back transverse-flux permanent-magnet generator
(FB-TFPMG) with an inner rotor design has been com-
pared with conventional TFPMG in Refs. [25, 32], which
employs half the number of PMs (as against conventional
TFPMG), elliptical shaped stator core and toroidal-shaped
coil. Fall-back path of the rotor offers certain advantages
i.e., it reduces the losses due to the elimination of inactive
magnets and therefore overall performance of the generator
is improved. In this article, an analytical design using a
magnetic equivalent reluctance circuit (MERC) of TFPMG
with a concept of a fall-back rotor is derived to predict the
flux densities in the air-gap and other parts of the gener-
ator. A formulation for sizing equation and initial design
parameters of the FB-TFPMG have been discussed. MERC
model takes less time in comparison with finite element
analysis. Reluctances and hence the fluxes of various parts
of the generator are computed using PM’s equivalent mmfs

and compared with the results obtained from the 3D FE
analysis.

In this article, a basic structure of the inner rotor
FB-TFPMG is briefly recalled in Section 2 and preliminary
equations of main dimensions are derived. A MERC of
FB-TFPMG is derived in the Section 3 under different
rotor positions. The induced emf and flux density plots
obtained through the finite element analysis tool of the
inner rotor FB-TFPMG, are presented in Section 4. The
air-gap flux density of the inner rotor FB-TFPMG under
different rotor positions is compared with the flux density
calculated by analytical means, i.e., MERC. The conclusion
is presented in Section 5.

2. A NOVEL FB-TFPMG

2.1. Structure of the FB-TFPMG

The single-phase structure of a FB-TFPMG is shown in
Figure 1. The difference between the conventional TFPMG
and the FB-TFPMG, is that the active magnets are only
employed in the FB-TFPMG and inactive magnets are
replaced by the concept of a fall-back rotor. A stator core
is made of iron with an even number of elliptical U-shaped
stator poles placed circumferentially around the rotor
assembly. Due to the elliptical shape of stator cores and
the toroidal shape of the coil, the active mass of the mater-
ial is reduced. A rotor contains a number of PM pole pairs
equal to the number of stator cores. The flux diverted
through the fall-back path of the rotor serves the purpose
of inactive magnets. NdFeB magnets are used for the rotor
poles.

FIGURE 1. A construction of fall-back transverse-flux PM
generator (FB-TFPMG).
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A detailed cut-section of single phase inner rotor FB-
TFPMG is represented with their dimensional notations in
Figure 2, where lpm is the axial length of the PM, wpm is
the width of the PM, hpm is the height of the PM, wu is the
axial width of the stator core per phase, hu is the height of
the stator core, hfb is the height of the rotor yoke, and lg is
the air-gap length.

2.2. Determination of Design Dimensions
of FB-TFPMG

The PM dimensions are calculated for the determination of
overall performance of the generator. This section deter-
mines the main dimensions of the proposed inner-rotor FB-
TFPMG. Various dimensions, i.e., magnet dimensions,
rotor pole pitch, rotor and stator diameters, and length of
generator are required for analytical calculations. The
height of the magnet relies on the properties of the mag-
netic material and flux density in the air-gap. In a magnetic
circuit, a stator core and two PMs are used for one pole
pair. The flux density over the inactive fall-back rotor is
half of the flux density under the stator core area due to
the flux that pass through each stator U-core is divided
between two adjacent area over the fall-back rotor for the
completion of the magnetic flux path. All the calculations
are done for a 1 kW, 300 rpm FB-TFPMG with 12 stator
cores. N40 NdFeB PMs are employed with a remanent flux
density is 1.25 T. For the calculation of magnet height, a
half section of stator pole and a PM is considered.

According to Ref. [18], the Ampere’s Law equation
becomes,

Hm:hpm þ Hg:lg ¼ 0 (1)

where Hm is field intensity inside the PM and hpm is height
of the magnet, Hg is the air-gap field intensity, and lg is
the air-gap length. The hpm can be obtained by,

hpm ¼ Br:Bg:lg
l0jHcjðBrðpmÞ � BgÞ (2)

where BrðpmÞ is the remanent flux density of PMs, Hc is the
coercive force, and Bg is the air-gap flux density.

As the PM pole pitch decreases with a large number of
poles, the PM fringing flux increases. The PM pole pitch
spm should be higher than total of PM height plus actual
air-gap to minimize the fringing flux [33]. The rotor PM
pole pitch spm can be calculated by,

spm ¼ p:Drt,o

p
(3)

where Drt,o is the outer diameter of the rotor and p is the
total number of poles.

Stack length of the machine is determined by assuming
a suitable ratio (k) of stack length to diameter (0.2–0.4).
The assumption is based on designer’s choice, which can
determine the proportion of the generator dimensions.

Lst ¼ k:Dst,i (4)

where Lst is the stack length of the rotor, and Dst,i is stator
inner diameter of the machine. The stator outer diameter
Dðst,oÞ is computed by adding the height of the elliptical
shaped stator core hu and hsy,

Dst,o ¼ Dst,i þ hu þ hsy (5)

where Dðst,oÞ is the stator outer diameter, hu is the height of
U-stator core, and hsy is stator yoke height. Initial design
parameters are tabulated in Table 1.

3. MERC OF FB-TFPMG

In this section, an analytical modeling using MERC is dis-
cussed to design inner rotor FB-TFPMG. The individual
reluctance of the air-gap, elliptical shaped U-stator core,
fall-back rotor and rotor PM poles is required for the
development of the MERC. The magnetic flux direction in
fall-back rotor pole and the PM is in the opposite direction.
The fluxes due to PMs, pass through the stator core in one
direction and after rotation of a pole pitch, the flux passes
through the stator core in the reverse direction from the
fall-back rotor part. Therefore, the calculation of the flux

FIGURE 2. A cut section of inner rotor FB-TFPMG
(Single phase representation).
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and flux density is essential in the air-gap for various rotor
positions. In the proposed MERC, reluctances of different
parts of the FB-TFPMG, corresponding to the flux path have
been calculated and the reluctance matrix is developed
according to Ref. [34]. Magnetic fluxes are determined with
the help of mmf sources. The flux densities in all the parts of
FB-TFPMG have been enumerated according to Ref. [35].
The electromagnetic characteristics of each rotor pole pair is
the same and repetitive for all other pairs of FB-TFPMG.
Therefore, a 3D model of one pole pair is derived for MERC
based analytical model of the proposed FB-TFPMG as
depicted in Figure 3. The sources of the magnetic flux are
distributed through air-gap and these fluxes are linked with
the stator core, which are also diverted through the fall-back
rotor path and iron bridges. The MERC is derived for two
different rotor positions, i.e., aligned condition and unaligned
conditions as described below.

3.1. MERC under Aligned Condition

In aligned condition, the elliptical shaped stator core is
considered exactly under the rotor active PMs pole, and
half of the fall-back rotor parts from both the side are con-
sidered for the development of the magnetic circuit of one
pole pair. A magnetic equivalent circuit of FB-TFPMG
under aligned condition of rotor PM poles with elliptical
U-shaped stator core is shown in Figure 4 and the simpli-
fied MERC is depicted in Figure 5. Various leakage reluc-
tances, i.e., Rlpm (reluctance offered to flux between two
active PMs), Rlpma (self reluctance of a PM), Rlpms (lateral
leakage fluxes between fall-back rotor part and elliptical

U-shaped stator core), and Rlfb (leakage fluxes due to fall-
back rotor) are represented in the circuit. The PM’s mmf
sources are also modeled with their own reluctance. Using
the simplified magnetic circuit, and Kirchhoff’s law all
fluxes and flux densities are derived for various parts of

Parameters Values (mm)

Height of PM (hpm) 6.23
Width of PM (wpm) 13
Length of PM (lpm) 18
Average diameter of the air-gap (Dg) 120
Rotor outer diameter (Drout) 119
Stator inner diameter (Dsin) 121
Distance between stator poles (bu) 12
Axial stack length of the FB-TFPMG (wu) 48
Height of the stator core (hu) 33
Height of the fall-back rotor (hfb) 6.5
Rotor PM pole pitch (spm) 15.5
Air-gap 1
No. of rotor poles (active and fall-back) 12þ 12
No. of stator cores 12
Magnetic flux density in air-gap 0.9 T
Number of turns per coil per phase 24

TABLE 1. Design parameters of inner rotor FB-TFPMG.

FIGURE 3. Magnetic equivalent reluctance circuit
(MERC) of FB-TFPMG.

FIGURE 4. MERC of FB-TFPMG under aligned
condition.
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FB-TFPMG, i.e., the different parts of fall-back rotor, the
stator core length, air-gap, and leakage fluxes in aligned
condition. Based on the circuit shown in Figure 5, the fol-
lowing equations have been derived.

Rpm/pm þ Rlpma/lpma ¼ Fpm

2Rpm/pm þ ð2Rlg þ RlpmÞ/lg þ ð2Rsc1þ
Rsc2 þ RlpmsÞ/sc ¼ 2Fpm

/pm � /lg � /lpma ¼ 0
/lg � /sc � /fb ¼ 0

2Rpm/pm þ ð2Rlg þ RlpmÞ/lg � ðRfb lð Þ=2þ
Rfb yð Þ=2þ Rfb tð ÞÞ/fb ¼ 2Fpm

/fb � /lfb � /fb tð Þ ¼ 0
RfbðtÞ/fbðtÞ � ðRlfb=2Þ:/lfb ¼ 0

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

(6)

These equations can be written in the matrix form under
aligned condition,

R11 0 0 0 R15 0 0
R21 R22 R23 0 0 0 0
1 �1 0 0 �1 0 0
0 1 �1 �1 0 0 0
R51 R52 0 R54 0 0 0
0 0 0 1 0 �1 �1
0 0 0 0 0 R76 R77

2
6666666664

3
7777777775

Upm

/lg

/sc

/fb

/lpma

/lfb

/fbðtÞ

2
66666666664

3
77777777775
¼

Fpm
2Fpm

0
0

2Fpm

0
0

2
6666666664

3
7777777775

(7)

where R11 ¼ Rpm, R15 ¼ Rlpma, R21 ¼ R51 ¼ 2Rpm, R22 ¼
R52 ¼ 2Rlg þ Rlpm, R23 ¼ 2Rsc1 þ Rsc2 R54 ¼ ðRfbðlÞ=2þ
RfbðyÞ=2þþRfbðtÞÞ, R76 ¼ �Rlfb=2, and R77 ¼ RfbðtÞ

3.2. MERC under Unaligned Condition

In unaligned condition, the elliptical shaped stator core is
considered exactly under fall-back rotor pole, and at the

same time half of the rotor PMs from both the sides are
considered for the development of magnetic circuit of a
pole pair. A magnetic equivalent circuit of FB-TFPMG
under unaligned condition of fall-back rotor poles with
elliptical U-shaped stator core is shown in Figure 6 and a
simplified MERC is depicted in Figure 7.

Similarly, using simplified magnetic circuit, it is neces-
sary to write a set of equations to find all fluxes and flux
densities in different parts of FB-TFPMG, i.e., different
parts of fall-back rotor, the stator core length, air-gap,
and leakage fluxes in unaligned condition. Following
equations are derived based on the circuit shown in
Figure 7.

Rpm/pm þ Rlpma/lpma ¼ Fpm

Rpm/pm þ Rlg/lg

þð2Rsc1 þ Rsc2 þ RlpmsÞ/sc ¼ Fpm

/pm � /lg � /lpma ¼ 0
/lg � /sc � /fb ¼ 0

Rpm/pm þ Rlg/lg � ð2Rlpm þ Rfb lð Þ
þRfb yð Þ þ Rfb tð ÞÞ/fb ¼ Fpm

/fb � /lfb � /fb tð Þ ¼ 0
RfbðtÞ/fbðtÞ � Rlfb:/lfb ¼ 0

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

(8)

These equations can be written in the matrix form under
unaligned condition,

R11 0 0 0 R15 0 0
R21 R22 R23 0 0 0 0
1 �1 0 0 �1 0 0
0 1 �1 �1 0 0 0
R51 R52 0 R54 0 0 0
0 0 0 1 0 �1 �1
0 0 0 0 0 R76 R77

2
6666666664

3
7777777775

Upm

/lg

/sc

/fb

/lpma

/lfb

/fbðtÞ

2
66666666664

3
77777777775
¼

Fpm
Fpm

0
0

Fpm

0
0

2
6666666664

3
7777777775

(9)

FIGURE 5. Simplified MERC of FB-TFPMG.

FIGURE 6. MERC of FB-TFPMG under unaligned
condition.
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where R11 ¼ R21 ¼ R51 ¼ Rpm, R15 ¼ Rlpma, R22 ¼ R52 ¼
Rlg, R23 ¼ 2Rsc1 þ Rsc2 þ Rlpms R54 ¼ R54 ¼ ð2Rlpm þ
RfbðlÞ þ RfbðyÞ þ þRfbðtÞÞ, R76 ¼ �Rlfb, and R77 ¼ RfbðtÞ

Calculation of individual reluctances of different parts of FB-
TFPMG are required to solve the above reluctance matrices. In
the next section, the equations of the air-gap, fall-back rotor, sta-
tor cores, and leakage flux reluctances are derived.

3.3. Reluctance of the Fall-Back Rotor

Fall-back rotor of FB-TFPMG consists of three parts, i.e., rotor
lower section, rotor yoke, and rotor upper section as shown in
Figure 8. Fall-back rotor lower area (part 1 of the Figure 8) is an
area under PM, rotor yoke area (part 2 of the Figure 8) is the bot-
tom area of the rotor, and fall-back rotor upper area (part 3 of the
Figure 8) is an area under the iron-bridge.

The reluctance of the fall-back rotor lower section RfbðlÞ
is calculated as follows,

RfbðlÞ ¼
2hfb1

l0lrðfbÞwpmlfb
(10)

The reluctance of the fall-back rotor yoke RfbðyÞ is calcu-
lated using,

RfbðyÞ ¼
spm

l0lrðfbÞhfblfb
(11)

The reluctance of fall-back rotor upper area RfbðtÞ is calcu-
lated using,

RfbðtÞ ¼
hfb

2l0lrðfbÞ:wfb:lfb
(12)

Therefore, the total reluctance of the fall-back rotor part is,

Rfb ¼ 2ðRfbðlÞ þ RfbðyÞ þ RfbðtÞ=2Þ (13)

3.4. Reluctance of the Elliptical U-Shaped Stator Core

The reluctance of the elliptical U-shaped stator core which
is also made up of three parts as shown in Figure 9 is cal-
culated as follows,

The reluctance of elliptical U-shaped stator core leg is calcu-
lated as,

FIGURE 7. Simplified MERC of FB-TFPMG.

FIGURE 8. Isometric view of fall-back rotor.

FIGURE 9. Elliptical U-shaped stator core.
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Rsc1 ¼ 4hu
pl0lrðscÞlpmwpm

(14)

The reluctance of elliptical U-shaped stator upper core is
calculated as,

Rsc2 ¼
p wu�2lpmð Þþwu

4

� �
pl0lrðscÞlpmwpm

¼ wu � lpmð Þ
2l0lrðscÞlpmwpm

(15)

Therefore, the total reluctance of the elliptical U-shaped
stator core is

Rsc ¼ 2Rsc1 þ Rsc2 (16)

3.5. Air-Gap Reluctance

With respect to the rotor position of the FB-TFPMgenerator, air-
gap reluctance is also varied. The equivalent magnetic reluctance
of air-gap during aligned condition, without fringing effect is,

RlgðalignÞ ¼
lg

l0:lpm:wpm
(17)

The air-gap magnetic reluctance including the fringing
effect can be computed by

RlgðalignÞ ¼
lg

l0 wpm þ 2lfð Þ: ðlpm þ 2lf Þ (18)

where lf is the length of the fringing flux path.
For the fully unaligned condition, the equivalent mag-

netic reluctance of the air-gap without the fringing effect
can be computed for a single pole as,

RlgðunalignÞ ¼
lg

l0:lfb:wfb
(19)

where lfb, wfb, lg, and RlgðunalignÞ are the axial length of the
fall-back rotor, radial width of the fall-back rotor, air-gap
length, and air-gap reluctance in unaligned condition of
PM poles and stator core, respectively.

The equivalent magnetic reluctance of the air-gap in
unaligned condition by considering the fringing effect can by
computed by

RlgðunalignÞ ¼
lg

l0 wfb þ 2lfð Þ: ðlfb þ 2lf Þ (20)

3.6. Leakage Permeance Calculations

The own leakage permeance due to the PMs as shown in
Figure 10, between the two fall-back part is given by paths
1 and 2.

Plpma1 ¼ l0:wpm

ð lpm
2

0

dx

ð2pxþ hpmÞ (21)

which leads to

Plpma1 ¼ l0:wpm

2p
: ln

2plpm
hpm

þ 1
� �

(22)

similarly, for path 2, the flux leakages between the gap of
two adjacent poles (wg) in the radial direction,

Plpma2 ¼ l0:lpm

ðwpm
2

0

dx

ðpxþ wgÞ (23)

Plpma2 ¼ l0:lpm
p

: ln
pwpm

wg
þ 1

� �
(24)

The total leakage flux Permeance due to the active
PMs is

Plpma ¼ 2Plpma1 þ 2Plpma2 (25)

In FB-TFPMG, as inactive magnets are replaced by fall-
back rotor part, the leakage flux due to fall-back rotor part

FIGURE 10. Leakage flux due to active PMs.

FIGURE 11. Leakage flux due to fall-back rotor.
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as shown in Figure 11, is given by paths 3 and 4. In one
pole pair of MERC, only half of the fall-back rotor poles
is considered, and hence, the side leakage fluxes are not
incorporated.

Plfb3 ¼ l0:
wfb

2

ð lfb
2

0

dx

2pxþ hfbð Þ (26)

Plfb3 ¼ l0:wfb

4p
: ln

plfb
hfb

þ 1
� �

(27)

similarly, for path 4,

Plfb4 ¼ l0:lfb

ðwfb
2

0

dx

2pxþ hfbð Þ (28)

Plfb4 ¼ l0:lfb
2p

: ln
pwfb

hfb
þ 1

� �
(29)

The total leakage permeance due to the fall-back
rotor is

Plfb ¼ Plfb3 þ Plfb4 (30)

Lateral leakage fluxes between fall-back rotor part and
elliptical U-shaped stator core are shown in Figure 12.
These leakage fluxes reduce the flux linkages of stator coil,
therefore it is important to evaluate the leakage flux

permeance between the active PMs and elliptical U-shaped
stator core, which are represented by paths 5 and 6.

Plpms5 ¼ l0lr:lpm

ðhpm
0

dx
p
2 xþ lg þ 2wg

� � (31)

Plpms5 ¼ 2l0lr:lpm
p

ln
phpm

2ðlg þ 2wgÞ þ 1
� �

(32)

Similarly, Plpms6 can be calculated and the total lateral
leakage flux between the fall-back rotor and the U-shaped
stator core is

Plpms ¼ Plpms5 þ Plpms6 (33)

Leakage fluxes between the two active PMs placed
between the two fall-back rotor parts as shown in
Figure 13, are given by paths 7 and 8.

FIGURE 12. Lateral leakage fluxes between the fall-back
rotor part and the U-shaped stator.

FIGURE 13. Leakage fluxes between the two active PMs
placed between the two fall-back rotors.
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Plpm7 ¼ l0lrhpm

ð lpm
2

0

dx
p
2 xþ ls

� � (34)

Plpm7 ¼ 2l0lrhpm
p

: ln
plpm
4ls

þ 1

� �
(35)

The direct leakage permeance (path 8) between PMs can
be calculated,

Plpm8 ¼ l0lrwpm

ðhpm
0

dx

lsð Þ ¼ l0:wpm ln
1
ls

� �
(36)

The total leakage fluxes between the two active PMs
placed are calculated by multiplying the total number of
pole pairs.

3.7. Reluctance of PMs

The reluctance of each PM can be calculated as,

Rpm ¼ hpm
l0lrðpmÞwpmlpm

(37)

where hpm is the height of the PM, wpm is the width of the
PM, and lpm is the length of the PM.

3.8. Flux Calculations

The PMs are the mmf source in this magnetic circuit and
can be modeled as,

Fpm ¼ hpm:Hc (38)

Fpm can be written as,

Fpm ¼ Br pmð Þ:hpm
l0:lr pmð Þ

(39)

where BrðpmÞ and lrðpmÞ are the magnet remanent flux dens-
ity and magnet relative permeability, respectively. lrðpmÞ is
nearly equal to the relative permeability of air. Therefore,
the PM flux can be calculated from

/pm ¼ Br pmð Þ:hpm
l0lr pmð ÞRpm

(40)

FIGURE 14. Flow chart representing the process of design
optimization of the FB-TFPMG.

FIGURE 15. Flux density plot of one pole of FB-TFPMG (A) Aligned condition of rotor PM and stator core, and (B) Unaligned
condition of rotor PM and stator core.
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The reluctance of PM, Rpm ¼ 2:1095:107 AT/Wb and
reluctance of stator core, ¼ 2:5407:107 AT/Wb are calcu-
lated. Subsequently all the required reluctances are calcu-
lated, and fluxes through various part of the FB-TFPMG
are calculated.

The magnetic saturation deteriorates the electromag-
netic performance of FB-TFPMG and increases losses. To
overcome the limitation of nonlinear characteristics, vari-
ous algorithms have been proposed in Ref. [36]. For pre-
cise estimation of results when the machine saturates, a
nonlinear model is required for the MERC. The B-H
curve of the iron material used for the core is integrated
in the iterative process. As a result, an iterative procedure
is carried out to specify the permeability of the iron parts
in accordance with the flow chart shown in Figure 14.
The volume optimization of the inner rotor FB-TFPMG is
performed by means of a parameter sweep method over
various key parameters. The magnet height Hpm, width
Wpm, and length Lpm parameters determine the main
dimensions of the machine. The limiting factor of increas-
ing the value of Hpm is the saturation of the core and the
overall dimensions can be affected due to increase in the
height of the magnet The magnet height is limited to 5 �
Hpm � 8 mm. An iterative approach is used to update the
reluctance matrix and to determine the flux in air-gap by
magnetic equivalent circuit using the updated reluctance
matrix. To start with, a converged value of the core rela-
tive permeability is estimated and then, magnetic flux
densities are determined. Fluxes under aligned and
unaligned conditions between rotor PMs and stator core
are tabulated in the Table 2.

4. RESULT AND DISCUSSION

The magnetic flux densities under aligned and unaligned condi-
tions are obtained analytically for the inner rotor FB-TFPMG.
To validate the analytical results, a 3D-FEA time varying (tran-
sient) analysis was carried out. Due to symmetry only one
fourth of the whole model was analyzed at different rotor pos-
ition. Figure 15 shows the flux density plot of the one pole
pair with the stator core. The magnetic field pattern of air-gap
has been analyzed under aligned and unaligned conditions and

FIGURE 16. Air-gap flux density of one pole of FB-
TFPMG under aligned condition.

FIGURE 17. Air-gap flux density of one pole of FB-
TFPMG under unaligned condition.

Particular (Wb) Aligned Unaligned

/pm 299.7 299.7
/lg 234.9 241.4
/plma 65 59
/fb 223 238.8
/sc 162.2 157.1
/lpms 54 49
/lfb 59 55

TABLE 2. The no-load fluxes [.10�6].

Aligned
condition

Unaligned
condition

Parameters FE Analytical FE Analytical

Bpm 1.20 1.24 1.16 1.24
Bg 0.90 0.98 0.87 0.92
Bsc 0.83 0.86 0.79 0.83
Bfb 0.89 0.95 0.91 0.99

TABLE 3. Comparison of FE and analytical results of flux
densities under no-load condition.
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depicted in Figures 16 and 17. Line of arcs were drawn at the
place of air-gap, where the flux densities are to be found and
their plots are compared by both the methods. As it can be
observed that the distribution of the flux per unit area between
the active magnetic PM pole and the U-shaped stator core area
is almost uniform. The FE analysis of flux densities under both
aligned and unaligned conditions are compared with analytical
results in Table 3. The reported results of MERC can be seen
comparable to the results of FE based simulations.

Figure 18 shows the comparison of flux linkages
obtained through analytical and FEA and Figure 19 shows
the comparison of induced emf.

5. CONCLUSION

The inner rotor FB-TFPMG utilizes half the PMs and
U-shaped elliptical stator core in comparison with the

conventional TFPMG, resulting in lower construction cost
and higher power density. The improvement is a major
benefit of utilizing only active PMs and excluding the
usage of nonactive PMs. An analytical model using mag-
netic equivalent reluctance network is derived for inner
rotor FB-TFPMG configuration and simplified the circuit
under two different conditions, i.e., aligned and unaligned
condition. The analytical MERC is developed with detailed
modeling for air-gap, fall-back rotor, and U-shaped stator
core flux path. Fall-back rotor, elliptical U-shaped stator
core, PMs, and air-gap reluctances are calculated and hence
flux densities. The concept presented with fall-back rotor
topology is analyzed through time-stepping analysis in 3D
FEA tool. The results of air-gap flux densities of FE ana-
lysis are compared with analytical results and are in good
agreement within the range of 7% variation.
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