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ABSTRACT This paper proposes an Improved Magnetic Circuit (IMC) model for the optimal design and
characteristics evaluation of the Five-Phase PermanentMagnet Synchronous Generator (FP-PMSG) for wind
power application. Along with the Finite Element Method (FEM), the IMC model is also preferred for its
faster result generation capabilities. The proposed model is used for optimal designing and performance
evaluation of FP-PMSG by considering parameters such as leakage fluxes, properties of core material for
rotor and stator, properties of rotor permanent magnet sleeve material, effect of saturation and armature
reaction. To compute the armature reaction flux, the winding function approach has been opted. Furthermore,
extensive analysis is done with respect to different sleeve and core materials along with improvising various
dimensional parameters like magnet height, Magnet to Magnet (M-M) gap and sleeve length for high quality
performance of FP-PMSG. To validate the results obtained from IMC model and FEM, an experimental
prototype is developed and the electromagnetic performances such as generated voltage, Percentage Total
Harmonic Distortion (THD) of generated voltage, terminal voltage vs load current, generated Electromotive
Force (EMF) vs speed, rectified Direct Current (DC) Voltage vs DC current, output DC Power vs load
resistance and percentage (%) efficiency vs current are evaluated. Through fabrication of the prototype of
FP-PMSG in the laboratory, a substantial amount of engineering values have been acquired.

INDEX TERMS Five-phase, improvedmagnetic circuit model, modeling of airgap fluxes, permanentmagnet
synchronous generator, wind power.

LIST OF SYMBOLS
lm Length of magnet
δ Gap between Magnet to Magnet (M-M)
β Half of angular length of magnet
L Core length of generator
Li Iron core length
lsy Stator yoke length
lry Rotor yoke length
llsl Thickness of rotor sleeve
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µfe Relative permeability of iron
µsl Relative permeability of rotor sleeve
µo 4πx10−7

µpm Relative permeability of magnet
Hpm Height of magnet
g Air-gap length
g(θ) Air-gap length with rotor position
ge Effective air-gap length
we Electrical angular speed
rs Mean stator radius
rr Mean rotor radius
θp Angular pole pitch
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wt Width of the tooth
Nc Number of turns per coil
f frequency
θe Electrical angle
◦E Electrical degree
θer Rotor electrical angle
k Time harmonic
P Poles
t Time
θ Mechanical rotor angle
Y Yes
N No

I. INTRODUCTION
Today with the increasing demand for clean energy, the use
of renewable energy has become a necessity [1], [2]. Wind
energy is the cleanest eco-friendly resource among all
renewable energy sources [3], [4]. The Permanent Magnet
Synchronous Generator (PMSG) is a suitable type for
variable-speed generating system [5], [6]. It is directly con-
nected to the turbine without any requirement of an additional
gearbox [7], [8] and has several advantages like higher effi-
ciency [9], [10], lighter rotor weight and no external excita-
tion [11], [12]. Being a direct drive, it generates a voltage at
variable wind speed and thereby, maintaining a high power
factor [13]. However, it requires a full-scale converter to
control the generator output voltage [14]. To reduce the size of
the converter, the application of low rated switching devices
in a multi-phase system poses itself as an exciting possibil-
ity [15], [16]. This system has more degree of freedom [17],
offers advantages like higher reliability, fault-tolerant capa-
bility [18], [19] and high power density as compared to con-
ventional three-phase PMSG [20], [21]. Furthermore, power
density can also be improvedwith an optimised design. Aswe
know that, leakage fluxes have a substantial effect on gener-
ator performances, it derates the machine by decreasing the
air-gap main flux. It is an essential parameter to compute the
performance and flux densities in air-gap and the magnets.

Air-gap flux distribution is a fundamental building block
parameter for optimizing the design of a PMSG. Calculat-
ing the air-gap flux is somewhat difficult, as it varies with
armature reaction, machine dimension parameters and core
materials. Even though numerical techniques such as Finite
Element Method (FEM) can precisely estimate fluxes, but
they are time-consuming. Hence, an analytical model is quite
often used for the quick estimation of fluxes. Permanent
Magnet (PM) and winding current are two sources of flux
in the PM machines. The computation of armature winding
flux has been done using the winding function approach [22],
whereas PM flux is calculated using its properties and
dimensions.

The parameters like leakage fluxes, properties of ferromag-
netic material for rotor and stator, properties of Permanent
magnet sleeve, effect of saturation and armature reaction
affects the accuracy of analytical model. It is a common
practice that the consideration of higher degree of parameters

in the model ensures the prediction of machine performance
closer to the actual values. In [23], the performance of Interior
Permanent Magnet (IPM) motor has been optimised. The
parameters considered in the analytical model for the perfor-
mance optimization are listed in Table 1. In [24], the overhang
of the IPM motor has been optimised to get the enhanced
value of the flux density and EMF. The parameters considered
in the analytical model for the overhang length optimization
are listed in Table 1. In [25], the air-gap flux density of
the permanent magnet motor is optimised so that a no-load
back EMF with a lower harmonic distortion is obtained.
The parameters considered in the analytical model for the
air-gap flux density optimization are listed in Table 1. In [26],
a detailed structure optimization of PMSM for the enhance-
ment of the overload capability has been given. The param-
eters considered in the analytical model for the structure
optimization are listed in Table 1. From the above discussion,
it is clear that the mentioned analytical models have incorpo-
rated either the individual effect or more than two effect of the
parameters namely, leakage flux, core material, permanent
magnet material, rotor PM sleeve, saturation effect and arma-
ture reaction for design and performance optimization. But,
the combined effects of leakage flux, core material, perma-
nent magnet material, rotor PM sleeve, saturation effect and
armature reaction is yet to be explored in the analytical model.

TABLE 1. Analytical modeling based literature.

The following points are the prime objective of this paper:
• To propose an Improved Magnetic Circuit (IMC) model
for optimal design and electromagnetic performance
evaluation of FP-PMSG.

• To discuss the difficulties namely, the development of
the surface mounted permanent magnet (PM) rotor with
segmented PM, porous PM sleeve fixation, adjustment
of the air gap and another process of developing and
testing of the FP-PMSG in the laboratory.

The IMC model is capable of showing the effect of vari-
ation in dimensions and material properties in correspon-
dence to the air-gap flux density distribution. This model
is also utilised to evaluate the adverse effects due to core
saturation upon the performance pertaining to variation of
dimensional parameters. Besides this no-load and load tests
are also performed for a better understanding of IMC model
and machine behaviour. The winding function approach is
opted for the computation of armature reaction flux due to
five-phase winding current. Furthermore, a low-cost porous
rotor sleeve is used to limit its eddy current loss.

This paper is divided in the following sections- section II
discusses the generator topology and selection of material
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for stator core and rotor sleeve. Section III elaborates the
IMC model and electromagnetic performance parameters for
the generator. Section IV compares the analytical and FEM
results and considers the effect of dimensional variation on
electromagnetic performances. The experimental setup and
results are discussed in Section V. Finally, Section VI sum-
marises the concluding remarks.

II. GENERATOR MODEL AND DESCRIPTION
The one fourth model of FP-PMSG is shown in Fig. 1. This
Generator consists of a stator and a permanent magnet rotor.
A 8 poles, 60 slots, 5 phase double-layer fractional slot wind-
ings with 72◦E phase difference between adjacent phases are
placed in the stator. The winding has 12 coils per phase with
240 turns as shown in Fig.2. Coils are short-pitched by 12◦E
that eliminates the higher-order harmonics in the generated
voltage and also reduces conductor copper loss and suffi-
cient weight of the machine. The different phases A, B, C,
D and E are assigned the colours red, green, blue, yellow and
black respectively. This winding arrangement suppresses the
higher-order harmonics and reduces the copper requirement.
The PMs are placed on the rotor thereby forming 8 poles.
A 144◦E pole arc width is chosen by magnet short pitching
to eliminate the multiple of 5th order space harmonics. The
short pitching of the magnets reduces its weight and cost.
A rotor PM sleeve of adequate strength resists the centrifugal
and inter magnetic forces and is therefore able to hold the
segmented magnets at rated speed.

FIGURE 1. FP-PMSG Model.

A. GENERATOR TOPOLOGY
The FP-PMSG has 8 poles of magnet which are attached on
the rotor surface with the help of PM sleeves. There are three
flux paths, one for the main air-gap and the other two for
leakage fluxes, as shown in Fig. 3. The useful flux decides
the rating of the machine, whereas the leakage flux injects
harmonics. There are two types of leakage fluxes namely-
magnet to rotor and M-M. The M-M leakage flux can be
bifurcated into two, one through air-gap and other through
rotor PM sleeve. Their magnitude depends upon the material

FIGURE 2. Winding pattern of FP-PMSG.

FIGURE 3. Possible flux line in FP-PMSG.

of the rotor PM sleeve. Fig.4 shows the field flux density
in the machine. The plot shows that the flux density in the
different parts namely rotor yoke, stator yoke and stator tooth
are 0.8688 Tesla (T), 0.947 T and 1.185 T respectively. The
maximum flux densities are found at the corner of PMs and
the rotor surface. Its magnitude is found to be 1.264 T due to
the leakage flux which ensures the optimal designing of the
generator.

To meet the generator specifications, theoretical designing
is done, keeping in view the saturation of core, which is
further enhanced using FEM analysis. The design details
and their specification are presented in Table 2 and Table 3,
respectively.

B. STATOR AND ROTOR CORE MATERIAL
The stator core should have high permeability and high resis-
tivity. Stamping of a soft magnetic alloy called dynamo grade
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FIGURE 4. Flux Density.

TABLE 2. Design parameters.

TABLE 3. Machine Specification.

is used to make the stator and rotor core. This material has
advantages of high permeability, low coercivity and narrow
hysteresis loops. The composition of iron with silicon alloy
reduces the electrical conductivity, which develops smaller
eddy current losses. These losses can further be reduced
with the use of amorphous steel alloy for high-speed drive
applications [27]. It has several advantages like very high
magnetic permeability, high fracture toughness and high
resistivity [28].

For high-temperature superconducting synchronous motor
(HTSSM) where the field density exceeds 2 Tesla, the iron
core get saturated. The iron core acts like air and may be
replaced with an air core. Armature winding could also be fit-
ted on glass fiber reinforced plastic material frame [29]. Cast
iron has been considered due to its low cost irrespective of
the low permeability it offers. For understanding the effect of
flux distribution on performance, four core materials namely
cast iron, air, amorphous steel alloy and silicon steel alloy are
considered in this paper.

C. ROTOR SLEEVE MATERIAL
A durable sleeve is required to retain the segmented magnets.
It counterbalances the centrifugal as well as inter M-M repul-
sive forces. Therefore, aluminium (Al), copper, magnetic
stainless steel and carbon/glass fiber are used for this purpose.
Except for carbon/glass fiber, others are easy to assemble, but
they possess high electrical conductivity and cause significant
eddy current loss [30]. On the other hand, carbon/glass fiber
is light and robust with low electrical conductivity. However,
it has less thermal conductivity and occupies a larger volume
of the rotor. Despite, it is quite desirable for high-frequency
application [31].

The drawback of eddy current loss in metallic sleeves
could be avoided using a low cost porous metallic sleeve
having similar strength. Four materials namely Al, copper,
carbon fibre are considered in this paper. The permeability
of the non-magnetic rotor PM sleeves (Al, copper, carbon
fibre) are approximately the same but have different electrical
resistivity.

III. IMC MODEL OF AIR-GAP FLUX DENSITY
The proposed IMC model of FP-PMSG is presented for
computing main and leakage flux, as shown in Fig. 5. Since
this machine has quarter symmetry, so only one-fourth part
of the model is shown in the figure [32]. Analogous to Ohm’s
law, the equivalent magnetic circuit for the IMC model is
presented in Fig. 6. This network consists of two MMF
sources and reluctance of various parts of the model. MMF
sources are five phase winding and permanent magnets. For
accurate prediction of flux distribution, this model includes
reluctance of various sections of the machine- air-gap (Rg),
permanent magnet (Rpm), stator yoke (Rsy), stator tooth (Rste),
rotor core (Rr ), rotor sleeve (Rsl), magnet to rotor (Rml),
M-M through air (Rmam) and M-M through conducting
sleeve (Rmslm). For different sections, the flux corresponds

FIGURE 5. Proposed IMC model of FP-PMSG.
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to air-gap (φge), the surface of permanent magnet (φm), flux
sources (φr ), leakage magnet to rotor (φmr ), leakageM-M via
air (φmam) and leakage M-M through sleeve (φmslm) are used.

FIGURE 6. Improve magnetic circuit model.

All these elements are shown in Fig. 6. Since there are
two MMF sources, so for the network analysis, the prin-
ciple of superposition has been opted. Since PMs are the
main flux source at no-load, therefore this model is used
for optimization and the extraction of no-load characteristics.
MMF due to armature reaction of five-phase winding is the
other source which appears under loading conditions. The
effect of this MMF source can be calculated separately by
short-circuiting the other PM MMF sources and replacing
them by their series reluctance in the network. To develop
the analytical expression using IMC model for the prediction
of air-gap flux density distribution, the leakage factors taken
into consideration are:

α =
Rpm
Rml

(1)

β =
Rpm
Rmam

(2)

γ =
Rpm
Rmslm

(3)

A. PERMEANCE CALCULATION FOR M-M LEAKAGE FLUX
PATH
The circular arc-straight line technique is used to calculate the
permeance of M-M leakage flux path [33]. In this technique
flux path is divided into two curves: fringing flux is circular
arc length and air-gap length between the magnets is straight
line. The leakage flux has two paths, one from magnet-air-
rotor, and other from magnet-air-magnet. Therefore, the two
permeance are in series, which are evaluated on the basis of

their dimensions and material properties. The leakage flux
between M-M through air and rotor PM sleeve is depicted
in Fig. 7.

FIGURE 7. Permeance calculation for M-M leakage flux path.

Permeance of M-M leakage flux path through rotor sleeve
(Pmslm)

Pmslm =
∫ lsl

0

µ0µslL
δ + πζ

dζ =
µ0µslL
π

ln(1+
π lsl
δ

) =
1

Rmslm
(4)

Permeance of M-M leakage flux path through air

Pmam=
∫ ge

lsl

µ0L
δ + πζ

dζ =
µ0L
π

ln(
δ + πge
δ + π lsl

)=
1

Rmam
(5)

B. PERMEANCE CALCULATION FOR MAGNET TO ROTOR
IRON LEAKAGE PATH
The circular arc-straight line technique is used to calculate
the permeance of the path of leakage flux between magnet to
rotor iron as depicted in Fig. 8.

FIGURE 8. Permeance calculation for Magnet to rotor leakage flux path.
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Permeance of magnet to rotor iron leakage flux path

Pmi =
∫ ge

0

µ0L
Hpm + πζ

dζ =
µ0L
π

ln(1+
πge
Hpm

)=
1
Rmi

(6)

Leakage parameter in terms of physical dimension

α =
Hpm

πµpmlm
ln(1+

πge
Hpm

) (7)

β =
Hpm

πµpmlm
ln(
δ + πge
δ + π lsl

) (8)

γ =
µslHpm
πµpmlm

ln(1+
π lsl
δ

) (9)

The following reduced expression are derived in terms of
machine dimensions and magnetic properties.

Reluctance of Air-gap (Rg)

Rg =
ge

µ0(lm + 2ge)L
(10)

Reluctance of permanent magnet (Rpm)

Rpm =
Hpm

µ0µpmlmL
(11)

Reluctance of stator yoke (Rsy)

Rsy =
lsy

2πµ0µfersθpLi
(12)

Reluctance of stator tooth (Rste)

Rste =
hδ

µ0µfewtLi
(13)

Reluctance of rotor yoke (Rr )

Rr =
lry

2πµ0µferrθpLi
(14)

C. FLUXES UNDER NO-LOAD
Using the above mentioned reluctance parameters in the IMC
model as shown in Fig. 6, under no load condition the fluxes
equations are derived as followed:

Flux through the surface of permanent magnet (φm)

φm =
4Rpm + 2αRF (1+ 2α)

RF (1+ 2α)2
φr (15)

where

RF = RB + 2RC + Rr (16)

RB =
RERpm

γRE + Rpm(Rpm + βRD)
(17)

RE = RDRpm + 4Rsl(Rpm + βRD) (18)

RD = Rsy + 4Rg + 2Rste (19)

RC =
2Rpm
1+ 2α

(20)

Air gap flux (φg)

φg=
4Rpm3

(Rpm+βRD)(Rpm+γ (RA+4Rsl))RF (1+2α)
φr (21)

where

RA =
RDRpm

Rpm + βRD
(22)

D. MAGNETIC FLUX DENSITIES
Air gap flux density (Bg)

Bg=
4Rpm3Cφ

(Rpm+βRD)(Rpm+γ (RA+4Rsl))RF (1+2α)
Br (23)

where Cφ is the flux concentration factor of the air-gap. Flux
density on the surface of permanent magnet (Bm)

Bm =
4Rpm + 2αRF (1+ 2α)

RF (1+ 2α)2
Br (24)

E. ELECTROMAGNETIC PERFORMANCE
The magnetic flux density distribution is flat-topped in
the air-gap for arc-shaped magnets. This is because of
odd harmonic components. (25) represents the fundamental
and harmonic component of air-gap magnetic flux density
distribution.

Air-gap magnetic flux density due to PM

Bg(θer ) =
∞∑

k=1,3,5

Bgk sin(kθer ) (25)

where, the peak value of flux density (Bgk ) is

Bgk =
4

π (π2 − β)
Bg
k2

cos(kβ) sin(k
π

2
) (26)

The generated electromotive force (EMF) is the rate of
change of flux linkage in the winding with respect to time.
In each phase winding, there are 12 short-pitched coil dis-
tributed at the periphery of stator core. The generated voltage
per phase is the phasor sum of voltage generated in each of
these coils. (27) is the generated voltage per phase in the
machine considering fundamental and harmonics.

Induced voltage in the stator winding

E(t) =
∞∑

k=1,3,7

Ek sin(kwet) (27)

where,

Ek =
16
P
× 2.9563× NcLirsweBgk cos(k

π

30
) (28)

F. MMF CALCULATION DUE TO FIVE PHASE WINDING
Under loading conditions there are two MMF sources as
shown in Fig. 6. TheMMF due to PM depends on thematerial
properties and its dimensions which is already discussed
whereas, the winding MMF which needs to be calculated.
This calculation is dependent on the actual distribution of
winding in slots and the phase currents. To calculate the
winding MMF, the winding function approach is opted.

The winding function N (θe) which is given as

N (θe) = n(θe)− < n(θe) > (29)

where, n(θe) and <n(θe)> represents the turn function and
average of turn function of the winding respectively.
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Winding function can be represented as

N (θe) =



22
15
Nc 0 ≤ θe ≤

168π
180
;

−8
15

Nc
168π
180

≤ θe ≤
192π
180
;

−23
15

Nc
192π
180

≤ θe ≤
336π
180
;

−8
15

Nc
336π
180

≤ θe ≤ 2π; .

(30)

For five phase winding, the winding functions are Na(θe),
Nb(θe), Nc(θe), Nd (θe) and Ne(θe) for phases A, B, C, D and
E respectively. This can be represented as

Na(θe) =
∞∑

h=1,2,3..

Ah cosh(θe − θwd )

Nb(θe) =
∞∑

h=1,2,3..

Ah cosh(θe − θwd −
2π
5
)

Nc(θe) =
∞∑

h=1,2,3..

Ah cosh(θe − θwd −
4π
5
)

Nd (θe) =
∞∑

h=1,2,3..

Ah cosh(θe − θwd −
6π
5
)

Ne(θe) =
∞∑

h=1,2,3..

Ah cosh(θe − θwd −
8π
5
) (31)

where

Ah =
2Nc
π.h

[2 sinh(
7π
15

)+ sinh(
9π
15

)]

θwd =
7π
15

(32)

Phase current are Ia(ωet),Ib(ωet),Ic(ωet),Id (ωet) and Ie(ωet)
for phases A, B, C, D and E respectively. This can be
represented as

Ia(ωet) =
∞∑

k=1,3,7..

Ik cos k(ωet − θd )

Ib(ωet) =
∞∑

k=1,3,7..

Ik cos k(ωet − θd −
2π
5
)

Ic(ωet) =
∞∑

k=1,3,7..

Ik cos k(ωet − θd −
4π
5
)

Id (ωet) =
∞∑

k=1,3,7..

Ik cos k(ωet − θd −
6π
5
)

Ie(ωet) =
∞∑

k=1,3,7..

Ik cos k(ωet − θd −
8π
5
) (33)

Where Ik is the peak current and θd is the phase shift between
the voltage and current.

MMF due to five phase winding(Far ) can be calculated as

Far (θe, ωet)

= Na(θe)Ia(ωet)+ Nb(θe)Ib(ωet)

+Nc(θe)Ic(ωet)+Nd (θe)Id (ωet)+Ne(θe)Ie(ωet) (34)

From the above equation, MMF due to five phase
winding(Far ) can be written as

Far (θe, ωet)

=

∞∑
h=1,2,3..

∞∑
k=1,3,7..

AhIk
2

[(1+ 4 ∗ (−1)h+k

cos(h+k)
2π
5

cos(h+k)
π

5
)(cos(hθe+kωet−hθwd−kθd ))

+ (1+ 4 ∗ (−1)h−k cos(h− k)
2π
5

cos(h− k)
π

5
)

(cos(hθe − kωet − hθwd + kθd ))] (35)

MMF due to five phase winding(Far ) can be rewritten as

Far (θe, ωet) =
∞∑

h=1,2,3..

∞∑
k=1,3,7..

Far(h±k) cos(hθe

± kωet − hθwd ∓ kθd ) (36)

MMF due to armature reaction(Fw) in the network can be
given as

Fw =

∑
∞

h=1,2,3..
∑
∞

k=1,3,7.. Far(h±k)
2

(37)

G. FLUX AND MAGNETIC FIELD DENSITY DUE TO
ARMATURE REACTION
The flux due to armature reaction is found using the IMC
model shown in Fig. 6. This network has only five phase
winding MMF sources and reluctance of various parts of the
machine.

The air-gap flux(φgar )due to armature reaction can be
given as

φgar =
4Fm(RpmRH + 4Rslβγ (1+ 2α)Rr )

RpmRG + RD(RpmRH + 4Rslβγ (1+ 2α)Rr )
(38)

where

RG = (1+ 2α)(Rpm4Rsl + RpmRr + 4RslRr )

+ 4Rpm(Rpm + 4Rslγ )

RH = (1+ 2α)(2Rpm + γRr + β(Rsl + Rr ))

+ 4Rpm(γ + β)+ 16βγRsl (39)

Using (38), the air-gap flux density (Bar ) due to armature
reaction can be found out.

IV. RESULTS AND MODEL VERIFICATION
The flux distribution in the air-gap depends on the dimen-
sional parameters, material properties and armature reaction.
The armature reaction flux has less significance than PM
flux, so the design optimisation is carried out under no-load
condition. The dimensions which directly affect flux distribu-
tion includes height of magnet, M-M gap and width of rotor
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PM sleeve. For an optimum magnet design, it is required to
vary these parameters keeping the dimensions fixed for the
machine. In addition, proper selection of material eliminates
the non-linear behaviour of core and also reduces the space
harmonics. For this, different core and rotor sleeve material
are considered to realise their effect on the distribution of
air-gap flux. Furthermore, steel M400-50A is also considered
for the realization of adverse effect of saturation. In this con-
text, IMCmodel is proposed which calculates the air-gap flux
density distribution. (23) and (24) are used to compute the
air-gap magnetic flux density and the surface of the magnet
under no-load respectively. (27) presents the effect on gener-
ated voltage. Under loading condition the effect of armature
reaction on air-gap magnetic flux density and performance
is also carried out. The analytical results of IMC model is
verified with FEM results in this section.

A. VARIATION OF STATOR AND ROTOR CORE MATERIAL
The flux distribution is directly associated with the core
material, as shown in Table 4. It is found that as the core
material varies from air to amorphous steel, the air-gap flux
density is increased by 118.177%. Similarly, for Cast iron
and Silicon steel, it is increased to 115.67% and 118.15%
with respect to air. The FEM for Bg is higher than analytical
by 2.443%. As compared to air core, the flux density at the
surface of the magnet is increased by 100.3%, 98.179% and
100.286% for amorphous steel, cast iron and silicon steel
respectively. The FEM result for Bm is higher by 2.029% to
that of analytical results. Among these materials, amorphous
steel has a maximum Bg and Bm because of high permeability.
It has lower conductivity and hence reduced iron loss.

TABLE 4. Variation of stator and rotor core material.

B. VARIATION OF ROTOR PM SLEEVE MATERIAL
The variation of rotor PM sleeve material is enlisted
in Table 5. It is observed that, there is no variation in
the air-gap flux density and the flux density at the surface
of permanent magnets because of non-magnetic rotor PM
sleeve- Al, copper, carbon fiber. However, for Al the FEM
results of Bg and Bm are found to be respectively, 1.302%
and 1.144% higher than predicted results. For stainless steel,
theBg andBm are increased by 4.47% and 3.92% respectively.
Among these materials, magnetic silicon steel has maximum
Bg and Bm because of high permeability, but it provides the
lowest reluctance path for leakage flux which enhances the
local fluxes in the PMs, leads to demagnetization effect in
it. Because of that, it is avoided in general practice as a
sleeve. The carbon fibre is an effective solution with lower
conductivity but occupies larger rotor volume.

TABLE 5. Variation of rotor sleeve materials.

C. VARIATION OF HEIGHT OF PERMANENT MAGNET
For this analysis, M400-50A steel alloy is used as the core,
and an Al with 0.2 mm width is used a rotor PM sleeve. The
M-Mgap is 9◦, and inner and outer radius of stator and rotor is
kept fixed.With themagnet height being increased, the length
of the air-gap decreases, which enhances the air gap flux.
With the saturation of the corematerial the permeability of the
actual machine varies and this variation is more significant
for the stator teeth. From Table 6, the height of magnet
varies from 1 mm to 2.5 mm, the Bg and Bm are increased
linearly by 152.97% and 121.91% respectively with respect
to 1 mm magnet. As a result of stator teeth saturation, non
linearity increases. In case of NdFeB when the magnet height
is increased from 2.5 to 3.5 mm, maximum flux density in
the air-gap is found to be 0.6585 Tesla at 3.5 mm. As we go
beyond 3.5 mm till 4.5 mm, flux density starts to decrease in
the air-gap. The analytical and FEM results for NdFeB are
reviewed and are in close agreement.

In Fig. 9, the generated voltage of different height of
magnet has been reported. Since, the generated voltage is
directly associated with the air-gap flux density, so the effect
of saturation is appeared in the generated voltage. Similarly,
Fig. 10 shows a better visualization of the adverse effect
of saturation on the no-load performance under varying
PM dimensions. It also shows that, the FEM and analytical
results are in good agreement under the saturation condi-
tion because proper care has been taken for their material
property.

FIGURE 9. Generated Voltage for the variation of magnet height
(1 mm to 4.5 mm).
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FIGURE 10. Generated Voltage with saturation for the variation of magnet
height (1 mm to 4.5 mm).

TABLE 6. Variation of permanent magnet height.

D. VARIATION OF ROTOR PM ALUMINIUM SLEEVE
THICKNESS
The flux density is affected by the rotor PM aluminium sleeve
thickness as shown in Table 7. For this analysis, silicon steel
material as core, magnet of height 2.5 mm andM-M gap of 9◦

are used. The dimensional parameter of inner and outer radius
of stator and rotor are also kept fixed. As the width of sleeve
thickness varies from 0.1mm to 1.0mm, the Bg is increased
by 2.14% and the Bm is decreased by 2.079%. The simulated
FEM results for Bg and Bm for 0.1 mm of sleeve thickness are
1.159% and 1.078% higher than predicted results.

TABLE 7. Variation of rotor sleeve thickness.

In Fig. 11 the generated voltage of different rotor PM
sleeve thickness has been reported. From this plot, it is found
that the generated voltage due to variation of sleeve thickness,
from 0.1 mm to 1 mm is increased by 2.191%.

FIGURE 11. Variation of rotor sleeve thickness(0.1 mm to 1 mm).

E. VARIATION OF M-M GAP
The distribution of flux is slightly affected by the M-M gap
as given in Table 8. For this analysis, the core and PM sleeve
are made of silicon steel alloy and Al (0.2 mm) respectively.
The height of the magnet is 2.5mm, and inner and outer
radius of stator and rotor remains unchanged. As theM-Mgap
increases, the flux in the air-gap decreases. The M-M gap is
varied from 5.105 mm to 15.32 mm. It is observed that the Bg
andBm are decreased by 393.65% and increased by 285.739%
respectively. The simulated FEM results for Bg and Bm
for 5.105mm of M-M gap are 0.972% and 0.967% higher
than calculated results. The generated voltage is decreased
by 6.13% as shown in Fig. 12. On the other hand, the cogging
torque also gets affected due toM-M gap, i.e. as theM-M gap
increases the cogging torque decreases abruptly. It is because,
cogging torque is directly proportional to square of the air gap
flux.

TABLE 8. Variation of length of permanent magnet.

F. IMPACT OF ARMATURE REACTION ON THE MAGNETIC
FIELD DISTRIBUTION
The air-gap flux (φge) under loading condition can be com-
puted using IMC model shown in Fig. 6. Since this network
consists of two MMF sources, therefore the air-gap flux
is the resultant of no-load flux (φg) due to PMs and the
armature reaction flux (φar ) due to five-phase winding. The
no-load flux and armature fluxes are computed using (21)
and (38) respectively. The air-gap flux density at no-load is
found 0.5621T whereas, 0.0841T due to armature reaction.
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FIGURE 12. Variation of M-M gap(5.105 mm to 15.32 mm).

The flux density is also carried out using FEM in which the
no-load flux density is found 0.5694T, whereas 0.0839T due
to five-phase winding excitation. The analytical results are
found in good agreement with FEM result.

V. EXPERIMENTAL SET-UP AND RESULTS
The fabricated prototype for the FP-PMSG, is shown
in Fig. 13. It consists of three main parts, namely, stator,
adjustable-clamp fitted in iron frame and rotor. The stator
core is made up of silicon steel stamping and it has 60 slots
and 5 phase balanced distributed double layer winding in
it. There are 240 turns in each phase, that is distributed
in 24 slots on the periphery of the stator. Each slots has two
coil-side in it and each coil has a span of 7 slot pitch. Suppose,
if one coil side is present in slot 1, then the other coil side
is present in slot 8 and this process of winding is shown
in Fig. 14 and Fig. 15. Using the LCR meter, the value of
per phase winding resistance and inductance are measured as
5.02 ohm and 35.42 milli henry respectively.

FIGURE 13. Stator and rotor of developed generator.

The rotor consists of 8 magnets, placed mutually 45◦ apart
which are 80% of the pole pitch. In order to reduce the PM
eddy current losses, the segmented magnets of size 6.4 mm x
6.4 mm x 2.5 mm are used, as shown in Fig. 16. In segmented

FIGURE 14. Stator winding intermediate process.

FIGURE 15. Stator with complete winding.

FIGURE 16. Magnet Pasting Process.

magnets, same nature of small magnets are pasted together.
While pasting same nature of magnets, a large inter M-M
force is developed due to which pasting becomes difficult.
Hence, for pasting the magnets firmly, a non magnetic screw
fitted frame is used. This frame is made up of aluminium
and the screw in it is made up of brass, to avoid attraction
between magnet and the frame. The screw of the frame holds
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the segmented magnets for a certain period of time, so that
the adhesives which are used for pasting magnet, should be
able to overcome the M-M repulsive forces.

A rotor PM sleeves is also used in addition to adhesives,
to ensure pasting of the magnets firmly on the rotor surface.
An aluminium porous sleeves of thickness 0.2 mm is used for
this purpose, as it is cheaper and easy to mount on the surface
of PM on the rotor. There are 160 holes of 1 mm diameter
present in the porous rotor PM sleeve.

The eddy current losses in rotor sleeve is directly pro-
portional to the height and effective area, whereas stress is
inversely proportional to the area of the sleeve. As a result,
porous sleeve limits the generation of eddy current losses
whereas, the stress get increased compared to conventional
sleeve. The porous rotor PM sleeve has negligible effect on
both no-load and loaded conditions on the electromagnetic
performances. Using mechanical adjustable-clamp support,
the air-gap length of 2.3 mm is provided for the protection
of magnet against armature reaction during the short circuit
condition of the winding. The experimental setup to observe
the variation of the magnitude of flux density as a function
of air-gap is shown in Fig. 17. For testing the polarity of
magnets, digital gauss meter (model no.:DGM-102) is used
which indicates north pole by showing the magnitude of
B-field in gauss, and for the south pole Negative value of
B-field is displayed in gauss-meter.

FIGURE 17. Polarity test of rotor for developed generator.

The experimental test-rig for the developed FP-PMSG is
shown in Fig. 18. It is found that at 384.59 rpm the generated
voltage is 186.45 volts at 25.64 Hz and the rectified DC volt-
age is 373 volts as shown in Fig. 19. The voltage generated
by the machine at 400 rpm is utilised for validating analyt-
ical and simulated results. The experimental findings have
been found to be in strong agreement, as shown in Fig. 20.
The generated voltage from analytical and simulated FEM
results are respectively, 3.28% and 2.02% lesser than the
experimental result at the rated speed of 400 rpm. These
values are enlisted in Table 9. In Fig.21, FFT analysis of the
experimental generated voltage is given for the developed
generator. From the FFT analysis of the generated voltage,
%THD of 24.15% is obtained. In this analysis, it is found

FIGURE 18. Experimental set-up.

FIGURE 19. Voltage developed at 384.59 rpm.

FIGURE 20. Phase voltage comparison for Analytical, FEM and Hardware
results.

that, the multiple of fifth order harmonics are absent, whereas
other odd harmonics are present. Due to which the shape of
the generated voltage is trapezoidal in nature. Fig. 22 shows
the generated EMF vs speed characteristics of the developed
generator. From this plot, it is clear that the generated voltage
obtained from analytical, FEM and experimental with speed
are linear in relationship.

The developed FP-PMSG is loaded with resistive load by
using five-phase diode rectifier. During loaded condition,
the phase terminal voltage is found to be drooping in nature
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FIGURE 21. FFT Analysis of Generated Voltage.

FIGURE 22. Generated EMF Vs Speed.

FIGURE 23. Stator Terminal Voltage vs Phase Current.

as shown in Fig. 23. Due to armature reaction and internal
parameters of the generator there is a decrease in the terminal
voltage. From the above characteristics, the voltage regula-
tion of analytical, FEM and experimental results are found to
be 18.8%, 18.82% and 18.78% respectively. It is concluded
that, the voltage regulation of experimental results are better
than the other two methods. In Fig. 24, the output of rectified
DC voltage vs load current is shown and its characteristic
is found to be similar to that of the terminal phase voltage
vs phase current. Also, in this plot the analytical voltage is
verified with the experimental results and is observed that

FIGURE 24. DC Voltage vs DC Current.

FIGURE 25. Output DC power vs Load resistance.

FIGURE 26. % Efficiency vs Phase Current.

both are in close agreement. From the analytical analysis,
the analytical rectified DC voltage is found to be 6.58%
less than the no load voltage. The variation of the rectified
power with to resistive load is carried out, as shown in Fig.25.
The experimental findings have been found to be in strong
agreement with the analytical results. Further, an efficiency
characteristic with phase load current is shown in Fig.26. It is
found that at rated load the efficiency is 90.3%, which is the
highest value obtained experimentally, whereas, IMC model
provides efficiency of 89.95%. The values of efficiency are
enlisted in Table 9.
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TABLE 9. Analytical, FEM and experimental results.

In Table 9, the %diff .1 indicates the percentage differ-
ence in the magnitude of FEM and analytical result, whereas
%diff .2 indicates the percentage difference in the magnitude
of experimental and FEM results. The values of %diff .1 and
%diff .2 are calculated using (40) and (41) respectively.
% Difference 1 (Diff.1)

Diff .1 = (
FEM − Analytical

FEM
) ∗ 100 (40)

% Difference 2 (Diff.2)

Diff .2 = (
Experimental − FEM

Experimental
) ∗ 100 (41)

Table 10 shows a comparative results over other published
works. From the reported values of %diff .1, it can be con-
cluded that, the analytical result of IMC model is more accu-
rate than the results obtained from [24] and [25] with respect
to FEM. Similarly, from the reported values of %diff .2, it can
be concluded that, the FEM value of proposed model is more
accurate than the values obtained from [23] and [26] with
respect to experimental results.

TABLE 10. Comparison of Maximum % Differences.

VI. CONCLUSION
This paper has highlighted the improved magnetic circuit
model for FP-PMSG. It enables to achieve the optimal design
and electromagnetic performance in a very short time. From
the analytical analysis, it is observed that, the amorphous steel
as core material is better because it has high air-gap flux
density than the cast iron, air and silicon steel alloy. Similarly,
for the rotor PM sleeve the carbon fiber is found to be themost
favorable because its electrical conductivity is less than the

other types of sleeve materials such as aluminium, copper and
carbon fiber. Also, the carbon fiber PM rotor sleeve limits the
generation of eddy current losses in the PM and prevents any
chances of demagnetisation of the magnets. At the same time,
due to variation in dimensional parameters, such as, height of
the permanent magnet, thickness of the rotor PM sleeve and
M-M gap, the air gap flux gets affected. It is observed that
as the air-gap flux decreases, the generated voltage and the
cogging torque also decreases which in turn reduces the mag-
nitude of torque ripple. The IMCmodel has also been utilised
to reveal the adverse effect of core saturation on air-gap flux
density distribution. For the validation of analytical and FEM
results, prototype has been developed. During the develop-
ment of the prototype, the difficulties faced in the laboratory
have also been discussed. The results such as airgap field den-
sity, generated voltage, generated voltage vs speed, terminal
voltage vs current, %voltage regulation, rectified DC Voltage
vs DC current and %efficiency vs current are compared and
the difference is found within 2%. By the fabrication process
of the prototype of FP-PMSG in laboratory, enormous values
of engineering design and construction has been learnt.
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