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Abstract

This paper presents a new structure of 12Slot-10Pole field-excitation flux switching synchronous
machine (FEFSSM) with all active parts namely field excitation coil (FEC) and armature coil are
located on the stator, applied for hybrid electric vehicles (HEVs). The rotor part consists of single
piece iron makes it more robust and becoming more suitable to apply for high speed motor drive
system application coupled with reduction gear. The design target is the motor with a maximum torque
of 210Nm with reduction gear ratio of 4:1, a maximum power of 123kW, a maximum power density
more than 3.5kW/kg, and a maximum speed of 20,000r/min with similar restrictions and specifications
in IPMSM used for LEXUS RX400h. The deterministic design optimization approach is used to treat
design parameters defined in rotor, armature and FEC repeatedly until the target performances are
achieved, under maximum current density 21 A/mm’ for both armature and FEC. A result shows that
the proposed design enables to keep the same power density in existing IPMSM installed on a
commercial SUV-HEV.

Introduction

For more than 100 years, vehicles equipped with conventional internal combustion engine (ICE) have
been used for personal transportation. Along with that, with increasing rates of rapid world population,
demand for private vehicles is also increasing every day. One of the serious problems associated with
ever-increasing use of personal vehicles is the emissions. The green house effect, also known as global
warming, is an acute issue that all people have to face. Government agencies and organizations have
developed more stringent standards for the fuel consumption and emissions. Nevertheless, with the
ICE technology being matured over the past 100 years, although it will continue to improve with the
aid of automotive electronic technology, it will mainly rely on alternative evolution approaches to
significantly improve the fuel economy and reduce emissions. Therefore, in order to obtain a wide-
range full-performance high efficiency vehicle while reducing pollutant emissions, the most feasible
solution at present is the hybrid electrical vehicles (HEVs) which combine battery-based electric
machines with an ICE [1-4].

Among different types of electric machines, there are four major types that are viable for HEVs,
namely, direct current (dc) machines, induction machines, switch reluctance (SR) machines, and
permanent magnet brushless (PM BL) machines. DC machines are used to be widely accepted for EVs
and HEVs because of their advantage of simple control of the orthogonal disposition of field and
armature mmf. Moreover, by replacing the field winding with PMs, the PM dc machines permit a
considerable reduction in stator diameter due to the efficient use of radial space. Owing to the low
permeability of PMs, armature reaction is usually reduced, and commutation is improved. However,



the principle problem of dc drives, due to their commutators and brushes, makes them less reliable and
unsuitable for a maintenance-free operation.

In other circumstances, induction machines are a widely accepted brushless drive for HEVs because of
their low cost, high reliability, and freedom from maintenance. However, conventional control of
induction drives, such as variable voltage variable frequency, cannot provide the desired performance.
The major reason is due to the nonlinearities of their dynamic model. With the advent of
microcomputer era, the principle of field-oriented control or vector control of induction drives has
been accepted to overcome their nonlinearities. Moreover, the development of EV and HEV induction
machines is continually fueled by new design approaches and advanced control strategies [5].

Meanwhile, SR machines have been recognized to have a considerable potential for HEVs. They have
the definite advantages of simple construction, low manufacturing cost, and outstanding torque-speed
characteristics. Although they possess simplicity in construction, their design and control are difficult
and subtle. In addition, they usually exhibit acoustic-noise problems [6-8]. On the other hand, PM BL
machines are becoming more and more attractive and can directly compete with the induction
machines for HEVs. The definite advantages of PM BL machines are their inherently high efficiency,
high power density, and high reliability. The key problem is their relatively high cost due to PM
materials. In general, according to the operating current and no-load electromotive-force (EMF)
waveforms, they are classified as PM BL ac (BLAC) and PM BL dc (BLDC) types. In recent years,
the class of PM BL drives has been expanded to embrace those with hybrid field excitations [9].

One example of successfully developed electric machines for HEVs is interior permanent magnet
synchronous machines (IPMSMs) which have been employed mainly to increase the power density of
the machines [10-11]. This can be proved by the historical progress in the power density of main
traction motor installed on Toyota HEVs. The power density of each motor employed in Lexus
RX400h’05 and GS450h’06 have been improved approximately five times and more, respectively,
compared to that installed on Prius’97 [12]. Although the torque density of each motor has been hardly
changed, a reduction gear has enabled to elevate the axle torque necessary for propelling the large
vehicles such as RX400h and GS450h. As one of effective strategies for increasing the motor power
density, the technological tendency to employ the combination of a high-speed machine and a
reduction gear would be accelerated.

In other circumstances, an increase in annual usage of rare-earth magnet have increased the price of
rare-earth metals not only Neodymium (N,) but also Dysprosium (D,) and Terbium (7) which are
indispensable to provide the rare-earth magnet with high coercivity as the additives. According to the
report released by Mineral Resource Information Center affiliated to Japan Oil, Gas and Metals
National Corporation, a future prospect was summarized such that the production amount of N, ,F,;.B
would reach at 1,500 tons only in HEV applications in 2011 and the corresponding usage of 70 tons
Dysprosium would be serious problem from the viewpoints of cost, security and undersupply.
Therefore, the continuous research and development of permanent magnet machines with less or no
rare-earth materials would be very important [13-15].

As one alternative solution with high possibility to overcome this problem, a new design of 12Slot-
10Pole field-excitation flux switching synchronous machine (FEFSSM) with no permanent magnet is
proposed. The initial design of this machine is shown in Fig. 1. Both FEC and armature coils are
allocated at stator side. The rotor consists of only single piece iron, becoming more robust and more
suitable for high speed operation. Although less pole number reduces the supply frequency of inverter,
the 12Slot-10Pole machine is selected and proposed in this research because; (1) it can be considered
as the best minimum combination of slot-pole to avoid odd rotor pole numbers such as 6Slot-5Pole
and 6Slot-7Pole machines yielding unbalanced pulling force, (2) to avoid high torque ripples in case of
6Slot-8Pole and 6Slot-4Pole machines, and (3) to take good balance between rotor and stator pole
widths for minimizing inescapable torque pulsation.



FEFSSM operating principle

The term flux switching is coined to describe machines in which the stator tooth flux switches polarity
following the motion of a salient pole rotor. All excitation sources are located on the stator with the
armature coils and FECs allocated to alternate stator teeth. The FECs produce six north poles
interspersed between six south poles. The 12 slots armature coils consists of three phase supply
located in each 1/4 stator body and is divided periodically. As the rotor rotates, the segments switch
the armature flux so that it alternates up and down in these 12 slots. Each time the rotor rotates through
1/10 of a revolution, the flux linking the armature coils goes through a complete cycle, and so the
frequency of the AC emf induced in the stator is ten times the rotational frequency.

The advantages of this machine are easy cooling of all active parts in the stator and robust rotor
structure that makes it better suitability for high-speed application compared to conventional IPMSM.
On the other hand, the field excitation can be used to control flux with variable flux capabilities. Fig. 2
illustrates the direction of flux linkage caused by mmf of FEC in this machine. This type of machine is
classified into flux switching synchronous machines (FSSM) which is also getting more popular and
popular in recent years [16-19].

This paper presents an investigation into design possibility of 12Slot-10Pole FEFSSM for traction
drives in HEVs. Some design refinements based on 2D-FEA are conducted to achieve better torque-
speed characteristics and power production. The design restrictions and specifications for the target
HEV applications are discussed in the following section. Subsequently, based on finite element
analysis (FEA), the method of getting the maximum performances is explained. Then, the flux line of
field excitation at open-circuit condition, the rotor mechanical strength, the torque and power factor
versus field excitation current density characteristics, the torque and power versus speed
characteristics, the loss and the efficiency are also predicted and discussed. Some conclusions are
drawn in the final section.

Design restriction and specifications for HEV applications

The design restrictions and target specifications of the proposed machine for HEV applications are
listed in Table I. The table includes the available and estimated specifications of the FEFSSM for
same items with IPMSM for LEXUS RX400h as in Ref [11]. The electrical restrictions related with
the inverter are set to be much severe. Assuming that only a water cooling system is employed as the
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Fig. 1: Initial design of 12Slot-10Pole Fig. 2: Flux paths caused by mmf of field-
FEFSSM excitation in 12Slot-10Pole FEFSSM



Table I: FEFSSM design restrictions and specifications for HEV applications

IPMSM
Items RX400h FEFSSM
Max. DC-bus voltage inverter (V) 650 650
Max. inverter current (A ys) Conf. 250
Max. current density in armature winding, J, (Amy/mm>) Conf. 21
Max. current density in excitation winding, J. (A/mm’) NA 21
Stator outer diameter (mm) 264 264
Motor stack length (mm) 70 70
Shaft radius (mm) 30 30
Air gap length (mm) 0.8 0.8
Permanent magnet weight (kg) 1.1 0.0
Maximum speed (r/min) 12,400 20,000
Maximum torque (Nm) 333 > 210
Reduction gear ratio 2.478 4
Max. axle torque via reduction gear (Nm) 825 > 840
Max. power (kW) 123 > 123
Power density (kW/kg) 3.5 >3.5

cooling system of the machine, the limit of the current density is set to the maximum of 21A,,¢/mm?*
for armature winding and 21 A/mm’ for excitation coil. The outer diameter 264mm and the stack length
70mm of main part of the design machine are identical with those of IPMSM. It can be expected that
the rotor structure is mechanically robust to rotate at high speed because it consists of only stacked
soft iron sheets, so that the target maximum operating speed is elevated up to 20,000r/min. The target
maximum torque 210Nm is determined from a realization of comparable maximum axle torque with
the present IPMSM via reduction gear ratio of 4:1. The target maximum power is set to be more than
123kW and the motor weight to be designed is less than 35kg, resulting in that the proposed machine
promises to achieve the maximum power density of 3.5kW/kg similar with the estimated of IPMSM in
LEXUS RX400h. Commercial FEA package, JIMAG-Studio ver.10.0, released by Japanese Research
Institute is used as 2D-FEA solver for this design.

Design parameters and procedures

Initially, performances of the proposed design machine as in Fig. 1 are calculated. The maximum
torque and maximum power obtained are 176.4Nm and 91.7kW, respectively, which is far from the
target requirements. To satisfy the requirements, design free parameters D; to D; are defined in rotor
and stator part as illustrated in Fig. 3. The first step is carried out by updating rotor parameters, D;, D,
and D; while keeping D4 to D5 constant. Since the torque increases with the increase in rotor radius, D,
is treated and considered as the dominant parameter to improve the torque. The obtained torque
characteristic versus D, is shown in Fig. 4. From the figure, the torque is maximized when the rotor
radius is 97.2mm. Then, keeping D; at 97.2 mm, the rotor pole depth D, and the rotor pole width D;
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Fig. 3: Design parameters of 12Slot-10Pole FEFSSM
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are adjusted. Fig. 5 illustrates the torque versus rotor pole depth D, for various rotor pole widths Dj.
The torque is maximized when D, is 10.0mm and Dj; is 37.2mm. Once the maximum torque and
power for D, and Dj; is determined, the second step is done by changing the excitation slot parameters
D, and Ds while keeping the rotor parameters and the slot area of armature winding S, constant. Fig. 6
demonstrates the torque versus excitation coil width D4 for various excitation coil height Ds. The
maximum torque is obtained when D, is 10.0mm and Ds is 20.0mm respectively. Then, using the
maximum torque and power obtained from variation of D4 and Ds, the armature slot area parameters
D¢ and D are treated with keeping other parameters discussed above constant. The necessary armature
slot area S, is determined by varying armature coil height, D¢ and armature coil width, D; to
accommodate integer number of turns, N, for armature coil. The plot of torque versus N, is depicted in
Fig. 7. The maximum torque and maximum power are obtained and well balanced when N, is 7 turns,
Dg is 25.6mm and D is 6.0mm, respectively.

The design methods explained above are treated repeatedly by changing D; to D; until the target
torque and power are achieved. All design parameters are adjusted with keeping air gap length of
0.8mm constant under maximum current density condition. Finally, the corners circled in Fig. 3 are
designed for the flux to flow smoothly. As a result, the target torque-power of 210Nm and 123kW are
realized. The final design of this machine, which satisfies the target requirements, is shown in Fig. 8.
The comparisons between initial and final design parameters are listed in Table II.

Table II: Initial and final design parameters of 12Slot-10Pole FEFSSM

Parameter | Details Initial Final
D, Rotor radius (mm) 96.2 98.2
D, Rotor pole depth (mm) 10.5 10.0
D; Rotor pole width (mm) 32.2 35.2
D, Permanent magnet length (mm) 7.2 7.8
Ds Excitation coil pitch (mm) 20.0 23.1
Ds Stator outer core thickness (mm) 25.6 23.6
D, Armature coil height (mm) 6.0 6.5
N. No. of turns of armature coil 7 7

AT, Excitation coil ampere turn (AT) 2330 2153
S, Armature coil area (mm”) 152.7 152.7
Se Excitation coil area (mm°) 194.2 179.4
T Torque (Nm) 156.0 210.4
P Power (kW) 106.8 123.0
pf Power factor 0.56 0.64
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Results and performances

FEC flux linkage, emf and torque of the final designed machine

The open circuit field distribution for FEC are investigated based on FEA at maximum FEC current
density. Basically, they are four typical rotor positions for the proposed machine as shown in Fig. 9.
Obviously, the polarities of the phase FEC fluxes linked in the three phase armature coils are switched
according to the rotor positions, realizing the “flux-switching”. Meanwhile, Fig. 10 illustrates the emf
waveforms of various FEC current densities, J. at 3000r/min. The emf at low FEC current density is
more sinusoidal compared with high FEC current density, while the FEC current densities higher than
15A/mm’ show similar emf characteristics. Fig. 11 compares the target 210Nm torque waveforms
obtained based on FEA and analytical at maximum current density of both FEC and armature coils.
Clearly, good agreements are achieved and the peak-peak torque value is less than 6% of the
maximum. At this condition, the target power reached 123kW when the speed is at 5584r/min.

Torque and power factor versus J. characteristics

The torque and power factor versus FEC current density, J. characteristics are plotted in Fig. 12 and
Fig. 13, respectively, where both armature current density, J, and FEC current density, J. are varied
from 0 to 21 A/mm”. From both figure, an increase in the armature current density will increase torque
but reduce power factor. However, with the increase in FEC current density, the power factor can be
improved and kept constant even if the armature current density is very high. The plots clearly show
the target maximum torque is obtained when J, and J, are set to 21 A/mm” as their maximum.
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Torque and power versus speed characteristics

The torque and power versus speed curves of the designed motor is plotted in Fig. 14. At base speed
5,584r/min, the torque obtained is 210.4Nm as the maximum. The corresponding power reaches
123kW with power factor 0.644. The average power 131.7kW is achieved between 5,000 - 7,000r/min.
The total weight of finally designed motor is 27.3kg and thus, the maximum torque density and power
density are 7.7Nm/kg and 4.82kW/kg, respectively, which met the target requirement for HEV drive.

Motor loss and efficiency

The motor loss and efficiency are calculated by finite element analysis considering copper losses in the
armature winding and iron losses in all laminated cores. Fig. 14 also demonstrates specific operating
points at maximum torque, maximum power, and frequent operating point under light load driving
condition noted as No. 1 to No. 8. Meanwhile, the detailed loss analysis and motor efficiency of this
machine are illustrated in Fig. 15 where, P, is the total output power, P; is the iron loss and P. is the
copper loss. It can be expected that the designed machine realizes good efficiency at maximum torque
(No. 1) and maximum power (No. 2). Furthermore, at frequent driving operation No. 3 to No. 8 under
low load condition, the proposed machine achieves relatively high efficiency approximately more than
93%. At high speed operating point No. 2, the motor efficiency is degraded due to increase in iron
loss, while at high torque operating points No.1, the efficiency is slightly degraded due to increase in
copper loss. However, the proposed machine can still work at high efficiency as much as 92% to 95%.

Rotor mechanical stress at high speed

The mechanical stress prediction of the rotor structure at maximum speed 20,000r/min is executed by
centrifugal force analysis based on 2D-FEA. The principal stress distributions of the rotor for the final
designed motors are illustrated in Fig. 16. The maximum principal stress obtained is 92.2MPa which is
much smaller than 300MPa being allowable as the maximum principal stress in conventional
electromagnetic steel. This is a great advantage of FEFSSM with robust rotor structure that makes it
more applicable to apply for high-speed HEV application compare to IPMSM.

Conclusion

In this paper, design optimization studies and performance analysis of a novel 12Slot-10Pole field-
excitation flux switching synchronous machine (FEFSSM) for HEV application is presented. The goal
of this research for an extension in speed and torque ranges is accomplished. The method of finding
maximum performance of the machine is clearly demonstrated and met the target requirements. The
proposed machine can keep the same power density as in existing IPMSM for LEXUS RX400h
without any flux sources from permanent magnet.
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