A New Multi Air Gap Motor with Trench Shaped
Coil for HEV Applications”
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This paper proposes a new multi air gap motor with trench-shaped coil. The proposed motor has high torque without rare earth
magnets compared to conventional single air gap motors due to its multiple air gap and ferrite permanent magnet (PM) assisted seg-
ment rotor poles.

Firstly, the basic structure and features of proposed motor is shown: three stator cores, integrated a set of three phase windings, and
an annular rotor core with magnetic saliency at three sides and ferrite magnets. Then, the performance of proposed new motor and
well-known single air gap IPMSM with rare earth magnet are compared by FEA.

Secondly, the simple winding method similar to the conventional motor is clarified.

Next, practical design of the 3-D magnetic circuit with laminated steel is discussed. Eddy current generated by the magnetic flux
passing through the laminated steel in the core stacking direction is focused, and methods for reducing eddy current loss are shown.
Finally, performances of proposed motor are verified by the prototype machine in test bench and actual vehicle. From these discus-

sions, the possibility of low cost and high torque motor without rare earth magnets is shown.

Key words : electric motors, permanent magnet motors, rare earth magnets, traction motors

1. Introduction windings connected continuously inner and outer portions at

A permanent magnet synchronous motor (PMSM) with
rare earth magnets has high torque density, high output
power density, and high efficiency. So, it has been used in
vehicles requiring small size and high performance, for
example, as traction motor for HEV. However, due to the
high costs of it, investigations of saving or eliminating tech-
nologies of rare earth magnets must be done =¥,

As a technique to obtain high torque density without rare
earth magnets, this paper proposes a new multi air gap
motor with trench-shaped coil. The proposed motor has high
torque without rare earth magnets equal to conventional 2-D
single air gap motors with rare earth magnets due to its mul-
tiple air gap and ferrite permanent magnet (PM) assisted

rotor ¥~ 7.

2. Structure and Features of Proposed Motor

2.1 Motor Structure
Fig. 1 shows the structure of the proposed motor. The sta-
tor core comprises three portions: inner portion, outer por-

tion, and side portion. And the stator has a set of 3-phase

one end in the axial direction. The rotor has an annular
shape that faces the inside and outside of the stator. The
rotor poles are shaped in order to have magnetic saliency.
Ferrite magnets are set in the center of both pole surfaces
and the middle of the adjacent poles.

The magnets disposed in the center of the pole are magnet-
ized in the radial direction and the others are magnetized in

the circumferential direction. As shown in Fig. 1(b), the
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side of the rotor has the magnetic salient poles for facing the
stator core disposed on the side. Fig. 1(c) shows a cross-

sectional view of the motor, showing the three gaps.

2.2 Concept of Multiplexing of Magnetic Circuits
In general, the torque of a permanent magnet synchronous

motor is given by equation (1)
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The first term in (1) is the magnet torque generated by the
PM. The magnetic flux linkage ¢a is proportional to the
magnetic flux density and the surface area (i.e. the area of
the air gap). When using a ferrite magnet with low magnetic
flux density, it is clear that increasing the air gap area can
improve the torque. The second term in (1) is the reluctance
torque generated by the inductance difference (i.e. the mag-
netic saliency). According to this relationship, increasing the
inductance difference (Lq — Ld) is required to obtain high
torque. In addition, increasing the air gap area is needed to
improve this reluctance torque because the inductance is
proportional to the cross-sectional area of the magnetic cir-
cuit. Specific methods for the above-mentioned require-

ments are described in the following sections.

2.3 Multiplexing Structure

Fig. 2 shows the concept of a multiplexing air gap. Here,
the stator core has three sides facing to the rotor: outer side,
inner side, and the side surfaces. Therefore, this machine
has a three-surface air gap forming a trench shape. In gener-
al, since motor torque performance is proportional to the air
gap area, this new trench air gap motor, which has a wide
air gap area, can perform at high torque without increasing

the motor size.
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2.4 Maximization of the Magnetic Saliency

The equation shows that the reluctance torque can be
enhanced by minimizing the d-axis inductance and/or maxi-
mizing the g-axis inductance. In this section, the segmented
rotor pole is discussed as a concrete design.

Fig. 3(a) and Fig. 3(b) show a general salient pole rotor
and a segmented pole rotor we proposed. The d-axis induc-
tance in (a) is minimized by arranging recesses (i.e magnetic
gap) on the rotor surface. In (b), a large space is provided
between the adjacent poles, in addition to the recesses of the

rotor surface. Each pole is connected only by a thin bridge
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on the rotor surface and segmented magnetically. Due to
this structure, d-axis inductance of (b) is smaller than that of
(a). Therefore, the rotor pole in (b) generates high reluctance
torque. Fig. 3(c) shows the definition of d-q axis and the

magnetic flux flow in each axis.

2.5 Arrangement of ferrite magnet and demagnetization
Some ferrite magnets are inserted in the segment core spa-
tial portion described above. In general, ferrite magnet has
lower coercive force than rare earth magnet and can easily
be irreversible demagnetization when a strong demagnetiza-
tion field is applied from a stator. Therefore, it is necessary
to set magnet thickness large. The ferrite magnet of the pro-
posed motor can be set magnet thickness large by utilizing
the wide space between adjacent poles, and has high coer-

cive force than that of (a).

3. 3-D Flux Flow and Torque Improvement by
Trench Air Gap
3.1 3-D Magnetic Flux Flow
Fig. 4 shows FEA result of the magnetic flux flow in each
section. According to this result, it can be confirmed that the
magnetic flux is flowing in the side stator core three-dimen-
sionally and the magnetic circuit is configured between the

side stator and the rotor.
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3.2 Typical design and Output Characteristics

Fig. 5 shows the design of the analysis models, with their
specification and dimensions listed in Table 1. Here, (a),
(b) and (c) are the single air gap IPMSM with NdFeB mag-
nets, the double air gap PMASynRM with ferrite magnets,
and the Trench air gap PMASynRM with ferrite magnets,

respectively. In (b) and (c), the air gaps of inside, outside,
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side are expanded from 0.6(a) to 0.8, 0.8, and 1.6mm,
respectively. Because these motors have plurality of gaps
and/or generates electromagnetic thrust force in the axial
direction. Table 2 lists the analysis conditions and Fig. 6
shows the calculated maximum torque. This result shows
that both motors using ferrite magnets demonstrate high
torque equal to or greater than the motor using NdFeB. In
addition, it is clear that the torque of (c) increased over 10
Nm compared to that of (b). Thus, it is revealed that the coil
and the side stator core arranged on the side are effective in
increasing the torque.

In the view point of cost potential, rare earth free brings
huger cost-down effect than that of the cost-increase in
material and production by trench structure.

This motor generates a thrust electromagnetic force of the
axial direction by the side air gap, and that force is loaded to
bearings. According to the simulation result, the thrust elec-
tromagnetic force at maximum torque load is approximately
900N. This value is enough small for allowable axial load of
general deep groove ball bearings (for example, allowable

axial load is 10kN in Type 6821).
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4. Winding Method of Trench-shaped Coil

The coil of the proposed motor is configured continuously
to traverse the outer and the inner stator core. In this section,

the concrete winding method is discussed.

4.1 Winding Method

Fig. 7 shows the winding method of the proposed motor.
The coils are configured by connecting to each other after
inserting the conductors of the plurality to the core. First,
the conductor bundle formed U-shape is inserted to the slot
from the axial direction. At this time, one end of each con-
ductor is inserted into the outer core, and the other end is
inserted into the inner core. Next, the end portion of the
each conductor is bent in the circumferential direction.
Finally, they are connected with conductors of the adjacent
poles. Though the bent coil is a new one, that connection
technology is already established for mass production of

Alternators.
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4.2 Advantages of the Trench-shaped Coil
This winding structure has some advantages. One is that it
is possible to suppress the height of the coil end. Fig. 8(a)
and Fig. 8(b) show the coil end of the general distribution
winding and that of the proposed motor. In (a), each con-
ductor of the coil end forms a slope shape in order to move
to the next pole while crossing the conductor other. In (b),

the conductor is stacked simply, the height of the coil end is
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lower than that of (a). Another is that it is possible to short-
en overall length of the coil (i.e. it is possible to reduce the
winding resistance per phase). This is because that the dis-
tance between slot conductors facing the radial direction is
shorter than the distance between slot conductors in adjacent
pole in the circumferential direction. The other is that it
improves the cooling performance. In the structure with
inside stator, the effective cooling is an issue. In this wind-
ing method, the heat of the inner winding portion is easily
transmitted to the outer winding portion via side wire con-
necting continuously. Therefore, in the case of air or water
cooling by jacket (in general, which is located outer surface
of motor), the heat generated by inner stator is transferred to
the water cooling jacket or housing. In the case of direct oil
cooling, the heat generated in the whole winding can be
cooled effectively at coil end connecting inside and outside

winding.
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5. Eddy Current Loss in Side Stator Core and
Its Reduction
5.1 Magnetic Flux Flow and Generation of Eddy
Current in the Side Stator Core

In the side stator core, magnetic flux flows in three dimen-
sions. Especially near the air gap, the greater part of the
magnetic flux flows in the axial direction. Therefore, there
is concern that using laminated steel stacked in the axial
direction for the side stator core causes large eddy current
and an increase in iron loss, as shown Fig. 9 So, the side
stator core is needed to reduce eddy current loss. The reduc-
tion methods are discussed for each of the two types of eddy

current; large loop and small loop.
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5.2 Investigation of Two Types of Eddy Current
Loops by FEA

As a result of the FEA, Fig. 10(a) and Fig. 10(b) shows

the distribution of eddy current loss density and the vector

of eddy current in the side stator core near the gap. These

results indicate that the eddy current loss occurred in the

whole of side stator core and the huge eddy current through

which the back yoke is flowing.
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5.3 Stator Design for Reducing Eddy Current
Loss
Fig. 11 shows the improved design of side stator core.
Here, the side stator core teeth are split into inside and out-
side portions to cut the large eddy current loop and reduce
the eddy current loss. It is confirmed that splitting the side
stator core extinguishes the large eddy current and reduces
the eddy current loss. In addition, the slit at the tip of the

tooth contributes to the reduction of losses.
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5.4 Efficiency and Torque Characteristics

Fig. 12 shows a comparison of maximum motor efficien-
cy and maximum torque, and it is confirmed that the reduc-
tion effect of the eddy current loss in the side stator core sig-
nificantly improves motor efficiency. Moreover, there is no
decrease in maximum torque produced when splitting the
side stator core. This is because the magnetic flux flow in
the side stator core is divided into an inner and an outer
back yoke. In other words, originally, there is no magnetic

flux in the split area from the start.
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6. Experimental Verification

6.1 Experimental Setup and Conditions

Fig. 13 shows the experimental setup. The rotating shaft
of the prototype is connected to that of the load motor
through a torque transducer. Table 3 lists the specifications
of the prototype and Fig. 14 shows a schematic diagram of
the experimental system. To evaluate the characteristics of
the prototype, input power is measured with a power analyz-

er, and mechanical output is measured with a torque trans-
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ducer and rotation sensor. The stator core sheets of the pro-
totype is processed by the press machine, and the widths of
the tip and slit in the teeth of side stator core are designed to

approximately 0.7 — Imm to allow mass production.
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6.2 Experimental Results

Experimental conditions are listed in Table 4. The proto-
type is driven by sine wave current. Current wave form is
controlled by PWM inverter. The control method is maxi-
mum torque control and field-weakening control. Fig. 15,

Fig. 16 and Fig. 17 show the current versus torque charac-
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teristic, the waveform of EMF at no load, and speed versus
torque characteristic and efficiency map, respectively. In
Fig. 15, it is found that the measured value and analysis
results are in good agreement. In Fig. 16, the waveform of
EMF at no load before and after the demagnetization testing
are in good agreement, confirming that the designed ferrite
magnet for the proposed motor is not demagnetized even
after the demagnetization testing loaded maximum current.
In Fig. 17, the output measurement curve shows values
close to the calculated values. Here, the calculated value
does not include the effect of iron and mechanical losses.
Therefore, it is considered that the difference between the
analysis and measurement is made from these losses. The
maximum efficiency of prototype is 92%, and it is same
level as compared to an induction motor or a reluctance

motor of same size.
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7. Summary/Conclusions

This paper proposes a new 3-D motor with multiple air
gap, which has equivalent torque compared to the PMSM
using rare earth magnet. Undesirable eddy current losses are
found in the side stator core. It is confirmed that the divid-
ing the side stator core reduces eddy current loss. As a
result, the maximum efficiency is improved about by Spt.
Motor performance is evaluated by the prototype. The
experimental results of torque and output characteristics are
in good agreement with the analysis results, and the maxi-
mum efficiency is 92%. The novel performance of the 3-D
magnetic circuit structure using laminated steel and not

using rare earth magnet is verified experimentally.
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