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This paper present with design improvement of 12Slot-14Pole outer rotor
field excitation flux switching motor (ORFEFSM) from the initial design by
implement Deterministic Optimization Method (DOM) which involve
2-dimensional Finite-Element Analysis (FEA).The design improvement
starts with the non-active part, rotor and followed with active part, stator
which involve the armature coil slot and field excitation coil (FEC) slot.
Since it is one of local optimization method, this method involves more than
one cycle of improvement depends on the design structure and slot-pole
configuration until achieve optimum performance. However, the initial
torque and power output of 12Slot-14Pole is 112.95 Nm and 50.46 kW. The
main objective is to improve the structure in order to obtain optimum torque
and power output. Besides, it is necessary to reduce flux saturation
and optimize the flux flow between the rotor teeth and stator arc width. The
target torque and power output performance is expected higher than 210 Nm
and 123 kW. With the deterministic optimization method technique, the final

torque and power output achived are 221.83 Nm and 189kW.
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1. INTRODUCTION

Flux Switching Motor (FSM) that comprise of all flux source in the stator have been developed in
recent years due to their advantage of single robust rotor structure suitable in high speed application [1]-[3].
From here on, more and more researchers doing research on applying principle flux switch to design an
electric machine [4]-[6]. Generally, the flux switching motor (FSM) can be categorized into three groups that
are permanent magnet flux switching motor (PMFSM), field excitation flux switching motor (FEFSM), and
hybrid excitation flux switching motor (HEFSM). Figure 1 illustrates the classification of FSM [7]. Their
rotors are salient and robust without windings or permanent magnet (PM)), and are matching to that of
switched reluctance machines. Consequently, they are very robust. As the active part are on the stator, the
temperature rise may be more managed [8],[9]. Furthermore, an outer-rotor flux switching motor have also
been research as consideration to applied it to a direct drive application for electric vehicle [10]-[13]. In
general, the propulsion system for conventional electric vehicle (EV) require more space or high gear ratio to
the wheels. Thus, outer-rotor configuration leads to reduction gear ratio and reduce the total weight of a
vehicle [7],[14]. Even though a double rotor have been the main consideration for low torque and low speed,
an exceptional design than existing electric motor are essential for research and development for good
performance [15]. Furthermore, an economical motor such as non-permanent magnet, simple construction
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with low size and weight would be very crucial and benefits for mankind. Early examples of inner-rotor
FEFSM, the three-phase 12S-14P FEFSMs are developed as shown in Figure 2 [16].

This study presents an investigation and optimization study of 12S-14P outer-rotor FEFSM. In this
electric motor design, the capability of FEC makes the machine more attractive especially for the modulating
of flux. Initially, the design study of the proposed electric motor was reported as discussed [17]. However,
based on initial analysis using 2D-FEA, the proposed motor have shortcoming that prevent them to achieve
maximum performances especially at maximum current density. To improve the design drawbacks, design
optimization by deterministic optimization method (DOM) were conducted. The proposed initial design are
illustrated in Figure 3(a). In the meantime, Figure 3(b) shows the design after optimization take place. The
study on optimization shall be done to ensure the optimum performance of the design with new structure to
give higher output torque and power.
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Figure 1. Classification of Flux Switching Motor (FSM)
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Figure 3. (a) Initial design of 12Slot-14Pole OR-FEFSM (b) Optimized design of 12Slot-14Pole OR-FEFSM
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2. RESEARCH METHODOLOGY

Design improvement is conducted by updating seven individual parameters identified as P1 to P6.
This P1-P6 design parameters are sensitive towards the improvement of machine performance and defined in
two major part, the rotor and stator part. Then the design parameter are divided in three group for applying
deterministic method, such as rotor parameter (P1-P3), DC-FEC parameter (P4-P5) and armature coil, AC
parameter (P6) and all the design parameter can be illustrated in Figure 4.
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Figure 4. Design parameter defined as P1-P6

2.1. Design Improvement Process

Figure 5 shows the cycle of design improvement for this design. This method is executed
consecutively to the design until achive an optimum performances of the machine. Each parameter P1-P6 of
the electric motor design contributes to the increase in torque performance and lessen a flux saturation. The
first step is carried out by changing the rotor parameters, P1, P2 and P3 while keeping P4-P6 as constant.
Theoretically, torque is directly proportional to the rotor parameter, P1-P3 with the motor diameter remain
constant, 264mm. Therefore, the rotor radius can be presumed as one of the dominant parameters to increase
torque performances and lessen flux saturation at the rotor teeth. As for rotor pole height, P2 are improving to
allow the flux to flow from the stator to rotor with low flux saturation and flux leakage. The other parameters
remained constant when changing the pole height, P2. The rotor width P3 improvement prone to receive all
flux from stator teeth by the increase in space and width. The rotor parameter of P1, P2 and P3 are then
updated to get an optimum torque.

The next group of parameters will be the FEC group P4-P5, and other parameters are kept constant
when changing the DC-FEC parameters. DC-FEC slot width, P5 and DC-FEC slot depth, P6 do help to
contribute towards the increment of machine torque output. This is because the increase of the DC-FEC slot
area, help to improve more flux linkage with the increase of No. of Turn (NoT) against current to be injected
to the DC-FEC. The P4 and P5 parameter are adjusted to obtain the optimum performance and produced a
higher torque. Once the maximum torque for rotor and FEC are determined, the final step will be done by
improve the armature coil, AC slot or armature coil, AC slot length, P6. By decreasing the armature coil slot
length and maintain the slot area will directly result in higher width of armature coil slot. Thus, it adjusted
with the stator tooth width and cause magnetic flux to concentrate and flow into the rotor. Hence,
deterministic optimization method is treated consecutively by varied P1-P6 until the target maximum torque
and power are achieved.
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Figure 5. Cycle of design optimization

2.2. Design Parameter and Specification

The design restrictions, target specifications and parameters of both initial and optimized design of
ORFEFSM are listed in Table 1. Assuming water jacket system is employed as the cooling system for the
machine, the limit of the current density is set to have maximum at 30An/mm? for armature winding and
30A/mm2 for DC-FEC, respectively. It can be expected that the rotor structure is mechanically robust to
rotate at high-speed because it consists of stacked soft iron sheets, which the target maximum operating

speed is elevated up to 20,000r/min.

Table 1. Design Parameters and Specification

12S-14P ORFEFSM

Items ;. -
Initial Optimize

Max. current density in armature winding, J, (Armd/mm?) 30 30
Max. current density in excitation winding, J. (A/mm?) 30 30
Outer diameter of motor (mm) 264 264
Motor stack length (mm) 70 70
Air gap length (mm) 0.8 0.8
Rotor radius, P1 (mm) 110.36 114.36
Rotor pole width, P2 (mm) 2271 19.46
Rotor pole depth, P3 (mm) 10.82 13.82
FEC height, P4 (mm) 53.04 36.09
FEC width, P5 (mm) 2.76 477
Armature coil height, P6 (mm) 53.04 26.04
No. of turns of Armature coil, N, 7 6
No. of turns of FEC, N, 44 44
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2.3. Under No-Load and On Load Condition Analysis

Thereupon, the analysis under no-load and on load condition is fulfill and compared with the initial
design analysis that have been accomplish. From the analysis, the back-emf and cogging torque are
investigated at 1200r/min. On load condition, a flux distribution is investigated when Je and Ja at maximum
30A/mm2 and 30Am/mm?, respectively. The final design is expected to reduce the flux saturation in order to
generate more flux linkage and increase the overall performance of the design.

3. RESULTS AND ANALYSIS
3.1. Induced Voltage

The comparison of induced voltage of initial and final design 12Slot-14Pole OR-FEFSM at the
speed of 1200rpm is illustrated in Figure 6. Induced voltage for initial design are 137.2V, while the induced
voltages for final designs are 177.15V respectively. Figure 6 clearly shown that the amplitude of induced
voltage for the final design motors has been increase. The maximum induced voltage increase by 29.12%
from its initial value. Induced voltage depends on the maximum flux linkage, since the maximum flux
linkage increase, the induced voltage are affected. Importantly, the harmonics is significantly reduced and
the induced voltage did not exceed the supply voltage, which is good for performance of the motor
because it will not interrupt the operation of the motors as it is use for regenerative brake to charge battery.
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Figure 6. Induced voltage of the initial and optimize design

3.2. Cogging Torque

The cogging torque characteristic for initial and improved design is shown in Figure 7. From the
figure, it is clearly shown that the peak to peak cogging torque of the improved design is increase by 15.59
Nm increase with 7 times more than initial design for 12S-14P, which is 2.1 Nm. General theory expected
that the torque and power will be improved with less vibration and noise as compared to initial design
although the final cogging torque increase because in high speed region the cogging torque will be negligible.
Besides, the cogging torque increment still below 10% of the instantaneous torque. Explaining research
chronological, including research design, research procedure (in the form of algorithms, Pseudocode or
other), how to test and data acquisition [1]-[3]. The description of the course of research should be supported
references, so the explanation can be accepted scientifically [2],[4].
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Figure 7. Instantaneous torque characteristics of initial and optimized design

Design Improvement of Three Phase 12Slot-14Pole Outer Rotor Field Excitation .... (S. M. N. S. Othman)



244 a ISSN: 2088-8694

3.3. Instantaneous Torque Characteristics Equations

The instantaneous torque is demonstrated in Figure 8 respectively. It is shown that the maximum
torque of the improved design able to achieve approximately 59% more torque than the initial torque
performance. Nevertheless, 12S-14P able to achieve targeted torque, 210Nm from 112.95Nm to 221.83Nm,
which is 96.4% higher than initial and 5.63% higher than targeted torque. It is comprehensible that an
increase in the armature current density will increase the torque performance, thus a maximum torque was
achieved at the maximum armature current and excitation current densities.
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Figure 8. Instantaneous torque characteristics of initial and optimized design

3.4. Torque versus Speed Characteristics

The torque versus speed characteristics of the optimized 12S-14P OR-FEFSM are shown in
Figure 9. The graph clearly shows that the final design produced better torque speed ranges and much higher
torque capability. From the figure, blue lines indicate the torque curve optimized design while the red lines
indicate the initial design torque curve for comparison. Hence, it is noticeable that optimized design achieve
maximum torque, 226.9 Nm at base speed 8,081 rpm compared to initial design achieve maximum torque,
112.95 Nm with base speed 4,266rpm. This design have an increment of 89% higher base speed from the
initial design. Thus, it shows that the performance of optimized 12S-14P OR-FEFSM is acceptable because it
maintained the high torque at a higher speed range and produced higher torque capabilities in high speed
region.
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Figure 9. Torque versus Speed characteristics

3.5. Power versus Speed Characteristics

Furthermore, the comparison of power versus speed characteristics is shown in Figure 10. It is clear
from the figure that the power achieved by optimized 12S-14P is higher than initial design from 50.46kW
increased up to 189 kW followed with base speed initial design, 4,266rpm to 8,081rpm and gradually start
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reduced slightly as speed increase. However power starts to reduce slightly when speed is more than
8,081rpm due to iron and copper losses. This power versus speed characteristic curve is the same for initial
and optimized design. In addition, the power achieved for initial design at maximum torque of 221Nm is
approximately 50.46kW when the speed is 4,266rpm.
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Figure 10. Power versus Speed characteristics

4. CONCLUSION

In design improvement related to 2-Dimension, deterministic method is a reliable and efficient
method for 12Slot-14Pole ORFEFSM. As the motor outer diameter remain constant, it still capable to
achieve a high torque and more power output of the motor. Compared to initial design performance, the
torque has been optimize to reach 221.83 Nm and power output is 189 kW which is higher than the targeted
performance. Since 12S-14P ORFEFSM did not have any permanent magnet as excitation, improvement
through deterministic method are acceptable. Besides, the improvement is being done successively to achieve
optimal results.
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