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It is an eternal challenge to make motors be small size with high output power, and be driven at wide speed
range on high efficiency. The top of the challengers is the permanent magnet synchronous motor. In the past, the
variable magnetic flux motor (VMFM) with wound-field was used as mainstream of synchronous motor, and
even now, many people learn “V-curve”. Recently, because of magnificence of high performance permanent
magnets, electromagnets on the synchronous motor were switched over by permanent magnets and the trend
toward aspiring the wide speed range and high efficiency drive declined. Small size high output power feature
given by rare earth permanent magnet have been given priority for development more than the adjustment
function of wound-field synchronous motors. In other words, synchronous motors have made the progress which
gave priority to small size high output power drive than wide speed range high efficiency drive. However, if the
variable flux function is combined with the motor with rare earth magnet, the best motor would be made for the
wide speed range and high efficiency drive.

This paper proposes permanent magnet VMFMs (PMVMFMs) which are assumed to be used for electric
vehicles (EV motor), as a next generation motor with small size high output power wide speed range high
efficiency drive technique, and the paper clarifies the characteristics of the PMVFMs. First, structures of
proposed two types of PMVMFMs, strategies of a maximum output power control and a maximum efficiency
control are explained. Further, two kinds of prototypes of motors are made and experimental results are
demonstrated to confirm the effectiveness of the motors and controls. In addition, technologies which contribute
to small size high output power wide speed range high efficiency drive in relation to the research on PMVMFMs.

In Chapter 1, the purpose and position of this research are mentioned as well as the outline of this paper. The
background of development to reach the PMVMFMs, the current problems, the purpose of this paper and the
summary of each chapter are mentioned.

In Chapter 2, two kinds of the new structure PMVMFMs, which are proposed in Chapter 5 and 6, are
explained. Besides, various PMVMFMs based on small and efficient IPM motors are devised. The structure
whose iron loss decreases more for more weakened magnetic flux are considered and, particularly, the
structure whose magnetic flux itself from rotor decreases when magnetic flux is weakened are searched.
Furthermore, technical contents which were obtained in the process to reach proposed structures are explained.

In Chapter 3, “Concentrated Flux IPM Motor”, “Press Formed Coil” and “High Strength Steel Plates Rotor
Core” are discussed as the new technologies which were introduced for the design and the prototype
productions mentioned in the next chapter. These technologies were born with the research on PMVMFMs.
“Concentrated Flux IPM Motor” technique makes PM motors more small size and high output power by
intensifying the gap flux density. By applying this technology, the PMVMFMs can have higher flux density
than conventional PM motors when high output power is needed. On the other hand, the PMVMFMs can
reduce the iron loss by weakening magnetic flux when high output power is not needed. “Press Formed Coil”
technique offers expanding conductor cross-sectional area of a coil and reducing occupation space of the coil at



once. To increase the output power of a motor means to increase the torque of the motor for every rotating
speed. Expansion of magnetic circuit is needed to increase torque with keeping the same electromagnetism part
size as conventional machine. Consequently, the occupation space of stator coil is reduced. The technique was
developed to solve this problem. “High Strength Steel Plates Rotor Core” technique was developed to realize
about two times of conventional high-speed rotation. The rotor made of the high strength steel plates can
overcomes higher centrifugal force than conventional rotor.

In Chapter 4, the results of the consideration of wider range higher efficiency drive of a PMVMFM are
reported. Optimum values of magnetic flux and current phase angle for the maximum output power control or
the maximum efficiency control are clarified. To confirm the considered results, a PMVMFM prototype for
tests is built and efficiency is evaluated over wide speed range. The efficiency evaluation is carried out over
speed range within 22000 min™ and power range of max power 10 kW. Maximum efficiency improvements
more than 20 % for fixed magnetic flux are demonstrated and the results of the consideration are proved.

In Chapter 5, a PMVMFM prototype with the variable magnetic flux mechanism is designed and built as 52
kW EV motor, and the basic characteristics are estimated. Furthermore, the map control, which controls a
current phase angle of the vector control more widely and also controls magnetic flux with map at once, is
introduced. The experimental results are verified. Because the motor constants such as the induced voltage
constant or the torque constant change when magnetic flux of the PMVMFM changes, conventional inverters
used to drive conventional fixed magnetic flux motors cannot drive a PMVMFM without widely current phase
angle control. In addition, conventional inverters do not have a function to regulate the magnetic flux of motor.
Therefore a drive system of the PMVMFM, which controls the variable magnetic flux mechanism and the
inverter appropriately in accordance with various driving states of the motor, is developed.

In Chapter 6, a 10 kW PMVMFM prototype without the variable magnetic flux mechanism are designed and
built. The motor is used for variable load and is inferior to the motor with the variable magnetic flux
mechanism. The variable magnetic flux mechanism to adjust the strength of the magnetic flux is necessary to
the PMVMFM which achieves wide speed range high efficiency drive, however, there are drawbacks of
volume and cost for the variable magnetic flux mechanism. Therefore, the PMFMVM without variable
magnetic flux mechanism is desired. In the motor, the strength of the magnetic flux is required to change
naturally according to the drive state of the motor. The small size, low-cost “Simple” PMVMFM
(SPMVMFM) without the variable magnetic flux mechanism is invented. The strength of the magnetic flux
changes naturally according to the load torque of the motor. Because without not only variable flux mechanism
but also electrical operation, the SPMVMFM of this paper can be driven by a conventional inverters for
conventional PM motors. The structure and efficiency evaluation of the prototype motor built in the same size
of conventional one are explained.

In Chapter 7, the conclusions of this research are summarized.



