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1. INTRODUCTION

Generally, electrical generator is a device that converts mechanical energy obtained from an external
source into electrical energy as an output. Permanent Magnet Generator is a generator that has many
advantages such as high power coefficient and high efficiency. It can also operates at high speed applications.
Various works have been carried out to analyse, model and characterize the performance of high power
density generator. Some of them are determined for loss evaluation and design optimisation for direct driven
PMG using simulation [1]. A few researchers intensively studied on the three-phase double stator permanent
magnet generator that can produce higher power density and torque density. Nevertheless, most of them
usually focus on the design optimisation of PMG for wind turbine application and for hybrid vehicles [2]-[9].
M. Norhisam et. al presents comparative evaluations on the power density of several types of double stator
slot and slot-less topology of PMG that are purposely designed for agriculture sectors [10]. The power
density evaluation is very important in order to design a portable PMG that is smaller, lightweight as well as
high output power. In addition, double stator topology could maximize the usage of flux linkage which could
increase power density [11]. A new structure for double stator brushless DC motor with thick pole shoe was
proposed to improved energy [12]. However, the research only covered for single phase topology. In
addition, many researchers study on five-phase machine modeling, but most of them are focusing on
induction and synchronous machine [13]-[15]. None of them is conducting the study on the five-phase
Double Stator Slotted Rotor Permanent Magnet Generator (DSSR-PMG). Most of them focused on the
permanent magnet synchronous multiphase generators [16]-[18] that may have prospect for applications in
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stand-alone self-excited generating systems in rural areas and low-power hydroelectric plants [19],[20]. In
this paper, a five-phase DSSR-PMG is proposed for lower cogging torque and low voltage ripple compared
to three-phase DSSR-PMG.

2. BASIC STRUCTURE
2.1. Basic structure and configurations of DSSR-PMG

Figure 1 shows the basic structure and equivalent magnetic circuit of the DSSR-PMG. It had been
designed by employing a fractional numbers of slot per pole in order to reduce cogging torque. There are
many ways others than employing a fractional numbers of slot per pole to reduce cogging torque such as
skewing the stator or rotor slot, permanent magnet shaping and etc [21]. There are 18 slots 20 poles
arrangement in three-phase configurations and 20 slots 18 poles in five-phase as shown in Figure 1 (a) and
(b). Due to lower cogging torque, it is suitable for wind turbine application. Both models implement a slotted
rotor whereas the permanent magnet (PM) are inserted between the rotor pole shoe with the advantage to
prevent the PM’s away from the initial position during operating at high speeds and does not require any glue
to affix the magnets in the rotor. The equivalent magnetic circuit for both models is shown in Figure 1 (c)
where A; os and A, js s the permeance for air gap and stator core in inner and outer stator, Am o5, Am_is and
Fm s, Fm_is are the PM permeance and magnetomotive force (MMF) in inner and outer stator, A, and @, are
the rotor permeance and PM flux, @; 4 , @, s and @, o , D, js are the main magnetic flux and leakage flux in
the inner and outer stator, and F, ¢, F4 js is the stator armature (MMF) in inner and outer stator.
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Figure 1. Basic structure and magnetic equivalent circuit of DSSR-PMG in this research

The proposed design consists of outer stator, inner stator, rotor, permanent magnet, outer and inner
coil. The stators and rotor are made from non-oriented silicon steel (M250-35A) and Neodymium Boron Iron
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(NdFeB 42) for permanent magnet. The coil is made from copper with 0.6 mm diameter by employing non-
overlapping concentrated winding with double layer winding arrangement. The double layer winding are
implemented for both design in order to limit the losses and torque ripple. Another advantages of using
double layer configurations are shorter the end-windings, the lower harmonic content of MMF and reduced
the eddy corrent losses in the permanent magnet [22]. The material used for five-phase DSSR-PMG are
similar with three-phase design. The design parameters for both three and five-phase DSSR-PMG are listed
in Table 1.

Table 1. DSSR-PMG specification

Parameters DSSR-PMG
3-phase 5-phase

Outer stator diameter (mm) 156 156
Inner stator diameter (mm) 86 94
Number of slots 18 20
Number of poles 20 18
Number of phase 3 5
PM volume (m®) 6.3x 107 7.035x 107
PM size (mm) 6x2x525 6.7 x2x52.5
Coil size (mm) 0.6 0.6
Stack length (mm) 52.5 52.5
Outer air gap (mm) 0.5 0.5
Inner air gap (mm) 0.5 0.5
No. of turns of inner coil 55 55
No. of turns of outer coil 55 55
Stator tooth face angle (°) 15 13
Stator tooth thickness (mm) 2 2
Stator tooth width (mm) 5 5
Outer stator slot opening (mm) 18.3 16.5
Inner stator slot opening (mm) 8.9 8.5
Outer stator tooth height (mm) 12 9
Inner stator tooth height (mm) 15 18

2.2. Phase and coil arrangements

The voltage generation process in PMG begins with the permanent magnets on the rotor produce a
rotating magnetic field when it is turned by prime mover and thus induces the voltages within the stator
windings. The winding layout and winding factor of the PMG depends on the combination of stator slot and
poles. A phasor diagram in Figure 2 show the phase vector in mechanical displacement, whereas 360°/3 =
120° for three-phase and 360°/5 = 72° in five-phase.

A
g 8
1208 ST
i A — - B
_ 6 ‘
g" ‘D
(@) Three-phase (b) Five-phase

Figure 2. Phase vectors in mechanical degree

In this paper, the star of slots method is used to find the winding layout for both three and five-phase
DSSR-PMG. For three-phase 18-slot/20-pole DSSR-PMG, each phase consists of six coils that are connected
in series. While in five phase 20-slot/ 18-pole configurations, each phase has four coils that also connected in
series. Both configurations are implementing of non-ovelapping concentrated winding in series for both inner
and outer stator with double layer winding arrangement to limit the losses and torque ripple. In order to
achieve high fundamental winding factor, the number of slot per phase, q of DSSR-PMG is must lower than
0.5 but higher than 0.25. The number of slot per pole per phase is calculated as:
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Qs
qa= 3 (1)
Where Q is the number of slots and p is number of poles. In this paper, the number of slot per pole per phase
for three and five-phase DSSR-PMG are 0.3 and 0.37 respectively. Figure 3 (a) and (b) show mmf vector for
each coils and coil winding arrangement for three and five phase DSSR-PMG whereas S means slot number
inside the PMG. The coil vector arrangement for both structure are define by the electrical degree of the emf
induced in the coil side of each slot. The angle between the phasor of two consecutive slot as per below:

Elec.degree = % x B, 2

Where, B, is number of pole pairs, Q; is the number of slots. In this design, 360/Q; are refer to mechanical
degree of the PMG. The mechanical and electrical degree are 20° and 200° for three-phase and 18° and 162°
for five-phase configurations respectively.

In order to allocate the winding arrangement in phase for each three (A, B, C) and five phase
(AB,C, D, E) DSSR-PMG, the sector of phase winding, Ws is determined as per below :

Ws == (3)

Where Ws is sector of phase winding in degree [°], n is the number of phases. In this paper, the Ws for three
and five phase DSSR-PMG are 60° and 36° respectively. As can be seen from the Figure 3 (a), coil vectors
and winding arrangement in three-phase DSSR-PMG, the phasor inside in the same sector are belonging
same phase. It shown that for phase A, the vector numbers with Sy, S,°, Ss, S1o, S11°, S1» are in one sector in
phase A. Since S,” and S;;” are in opposite direction, it will be marked with apostrophe which means the coil
in negative polarity which the same process are apply to phase B (S7, Sg’, So, S16, S17', S1g) and C (S, Ss’, Se,
S13, S14', Sis), respectively. In three-phase DSSR-PMG, each phase contain of six slots whereas four slots in
positive and the others two in negative polarity. From Figure 3 (b), in five-phase DSSR-PMG coil winding
arrangement, the same method applied where it can be seen that the vectors numbered with Sy, Sio, S11” S0’
are belonging to phase A. Similir for phase B, C, D, and E, which is contains four slots per phase with two
slot in positive and two in negative polarity. The positive and negative polarity of the coil in the slots means
the connections between each slots must be in series and sequence polarity in order to get a reliable and
acceptable from the FEM. The complete coil vectors and winding arrangement for three and five-phase
DSSR-PMG are listed in Table 2.

Table 2. DSSR-PMG phase and coil arrangements.
Coil arrangements

Phase

3-phase 5-phase
A S1, S2’, Ss, Si, Su1', Sz Si1, S10, S11's Sao'
B S7, Sg’, Sg, S16, S17', S18 Se, So’, Sig', So
c S4, S5, Se, S13, S14', Si1s Se, S7°, Si6', S17
D - S4, Ss’, Sid', Sis
E S2, S3°, S12', Su3
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Figure 3. Coil vectors and winding arrangement of three and five-phase DSSR-PMG

2.3. Back EMF and Flux linkage

The back-EMF is equal to the derivative with the time of the flux linkage created in the permanent
magnet. In three and five-phase DSSR-PMG, there is dual flux linkage generated which is in inner and outer
stator air gap. The correlation between flux linkage and back emf in PM machine as per equation below:

_ N
Emf =N " (4)
where N is the number of turns, ¢ is the rate of change of magnetix flux and t is the rate of change of time.

2.4. Cogging torque

The cogging torque is generated by the variation of the magnetic permeance by the PM due to the
slotting of the stator surface, even when there is no stator excitation [23]. In theoretically, the cogging torque,
Teog OF permanent magnet machine is determine as per below:

1 dR
Tcog =3 ¢fy 20 5)
where ¢92 is the flux in the air gap, R is the reluctance in the air gap and 0 is the degree of the rotor position
[24]. Cogging torque waveform for both models was simulated by 2D FEA (Ansys Maxwell) with the using
of desktop computer with the processor of Intel i7-4790 CPU 3.6 GHz with RAM memory of 12 GB. The
computation process will take approximately 15 minutes to solve a model at one desired speed.

3. PERFORMANCE COMPARISON

In order to have a fair comparison, both models have been modeled with similar size and volume of
rotor, stator and permanent magnet. The total number of turns and the total length of inner and outer airgap
are similar for both models. The simulation results of flux linkage and no-load electromotive force (EMF) are
conducted by using 2D FEM on three and five-phase models. Figure 4 (a) and (b) shows the flux linkage for
both inner and outer stator and no-load EMF waveforms for three-phase and five-phase DSSR-PMG at rated
speed of 2000 rpm. It can be seen that the maximum value of three-phase is around 0.15 Wb whereas for
five-phase DSSR-PMG is 0.12 Wh. The three-phase DSSR-PMG has 20% higher than five-phase DSSR-
PMG. It shown that five-phase DSSR-PMG has a lower flux linkage compared to-three phase DSSR-PMG.
The lower value of flux linkage in five-phase DSSR-PMG is because the total number of turns per slot per
phase is less than three-phase which are 440 turns and 660 turns for both in inner and outer stator. Taking
into account the low value of flux linkage in five-phase DSSR-PMG, it will also affect the output of the back
EMF.
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Figure 4. Flux linkage at rated speed 2000rpm

Figure 5 (a) and (b) show the waveforms of no-load EMF three-phase and five-phase DSSR-PMG.
The waveform in three-phase DSSR-PMG are more sinusoidal compared to five-phase is more close to
trapezoidal one. It can be observed that the phase voltage amplitude has been reduced and waveforms of no-
load EMF for both three and five-phase DSSR-PMG are symmetrical. It can be deduced from the waveforms
that the peak value of three-phase DSSR-PMG is 343 V whereas for five-phase is 180 V. As can be seen
from the waveforms, the amplitude for five-phase DSSR-PMG is lower than three-phase DSSR-PMG. It is
recorded a 52% decrease in value of the no-load EMF for five-phase DSSR-PMG compared to three-phase
DSSR-PMG. When it converted to DC, the ripple voltage of back-EMF in five-phase DSSR-PMG is

significantly lower than three-phase. The ripple percentage in a three-phase is 55% whereas for five-phase
DSSR-PMG is been reduced to 2.3%.
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Figure 5. No-load EMF at rated speed 2000rpm

The back-EMF and cogging torque value are simulated in FEM at no-load condition as shown in
Figure 6. The cogging torque produced by the interaction of poles and stator slot opening when the stator in
open circuit. Figure 6 (a) show the cogging torque (peak to peak value) of three and five-phase DSSR-PMG
at rated speed of 2000 rpm. It can be observed that, the five-phase cogging torque is reduced about 80%
compared to the three-phase. The maximum value of cogging torque for three and five-phase DSSR-PMG is
0.35Nm and 0.07Nm, respectively. It can been concluded that the cogging torque in five-phase DSSR-PMG
is effectively reduced due to fact that in five-phase systems, each electrical revolution generates 10 pulses per
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cycle while in three-phase is 6 pulse for each cycle in order to deliver the same energy. Thus three-phase
DSSR-PMG need to have larger magnitude pulses. Figure 6 (b) shows that the back-EMF in rms value for
both three-phase and five-phase DSSR-PMG. It can been seen that the back-EMF is increasing as the speed
increases in proportionally linear to the speed. The maximum value of three-phase DSSR-PMG is 310 V
whereas for five-phase is around 240 V. It can be deduced from the graph that the back-EMF for five-phase
DSSR-PMG is lower than three-phase DSSR-PMG as the speed increseas. This is due to flux linkage which
affects the output of back-EMF of five-phase DSSR-PMG. The analysis of simulations results for three and
five-phase DSSR-PMG as per tabulated in Table 3.
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Figure 6. Back-EMF and cogging torque of 3 and 5-phase DSSR-PMG

Table 3. Analysis results of three and five-phase DSSR-PMG using FEM

Parameters Unit DSSR-PMG
Three-phase Five-phase

Max. per phase Flux linkage Wb 0.15 0.12

Max. per phase Back-EMF, Ven Vims 343 180

Cogging torque, Teog Nm 0.35 0.07

Percentage of voltage ripple, Viipe % 55 2.3

4. CONCLUSION

As conclusion, the models of three-phase and five-phase DSSRPMG have been simulated and
developed. This model developed with the implementation of double stator structure for both three and five-
phase models. The simulation results show the ripple voltage (peak to peak) of back-EMF in five-phase is
2.3% compared to the three-phase DSSR-PMG which is 55%. It can be observed that, the five-phase cogging
torque is 80% reduced compared to the three-phase DSSR-PMG. The proposed model of five-phase DSSR-
PMG is suitable to use in wind power generations and stand-alone generator to generate electricity in rural
areas. The design model of three and five-phase DSSR-PMG will be fabricated in future in order to verified
the simulation and experimental results. In addition, a performance characteristic comparison for both model
will be done.
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