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Abstract—This paper proposes a consequent pole type
pancake-axial-gap variable magnetic flux PM-motor. The unique
point of the proposed motor is that variable magnetic flux can be
realized by the armature magnetomotive force, rotation speed
and/or current phase. The back yokeless stator is adopted to
constitute a series magnetic circuit, and the variable magnetic
flux is realized by passively changing the magnetization amount
of the image pole (iron pole) of the consequent pole structure.
The magnetic circuit topology that realizes the above will be
explained, and the magnetic circuit design of the optimum
variable magnetic flux method will be studied by FE-analysis. In
addition, the basic drive performance will be clarified by FE-
analysis. Furthermore, the prototype for principle verification
will be revealed.

Keywords—variable  magnetic  flux;  pancake-axial-gap;
magnetic circuit; consequent pole; self-excitation

I. INTRODUCTION

In recent years, as global environmental regulations have
been strengthened, an electrification is being promoted at the
political level of each country as a trend towards a zero
emissions society in the automotive application. Technological
development of the 48-V mild hybrid system (48-V mild HEV)
has been actively conducted, especially in Europe. Although
the 48-V system is inferior in fuel efficiency improvement
effect to the high voltage full HEV system, on the other hand,
for a compact car, it is a compact, lightweight and inexpensive
HEV system, which is easy to obtain cost advantages and fuel
economy improvement effect. On the other hand, for low
voltage driving, an Integrated Stator Generator (ISG)-system
(PO-HEV) that combines a variable field magnetic claw pole
type motor and an inverter is mainstream. However, in the case
of the claw pole type motor, because of the separately excited
type using the slip-ring, it is necessary to increase the field
current more than before as the output becomes higher. As a
result, abrasion and durability of the brush becomes a problem.
On the HEV system side, the P2-HEV or P3-HEV system that
can perform EV drive via the clutch shown in Fig. 1 (a) is
superior to the PO-HEV system in fuel consumption
improvement effect and power performance improvement
effect [1]. In order to realize the P2-HEV system by adopting
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the permanent magnet synchronous motor (PMSM) with high
efficiency and high torque density in the 48-V system, it is
limited to high torque and low speed assist type or assist type
up to the low torque medium speed range with the transmission
built-in. To solve the drawback of above problems, by
adopting the variable magnetic flux PM-motor that has been
actively researched and developed in recent years, it is possible
to realize an assist type up to high torque and medium speed
range, and the freedom of arrangement on invehicle layout is
also increased. As a study of recent typical variable magnetic
flux PM technique, there are A) a memory motor method that
makes the magnet magnetic force of the PMSM variable [2]-
[5], B) a method that adjusts the rotor skew angle [6],[7], C) a
method that adjusts the magnetization amount of the iron pole
of the consequent pole structure [8]-[11], D) a method that
utilizing variable leakage magnetic flux [12]-[15], and E) a
method of automatically flux weakening [16]. In the case of C)
of Refs. [9]-[11], a high torque can be realized by enlarging the
torque generation surface, but a chopper circuit for field
winding control is necessary. In the case of D) of Refs. [12]-
[14], the variable magnetic function is realized by devising the
magnetic circuit design of the rotor while applying the
conventional vector control as it is, without requiring a variable
magnetic force magnet or an extra additional device, however,
since the leakage magnetic flux is utilized, there is a problem
that the variable field range is narrow. In the case of E),
although the expansion of the torque generation surface and the
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Fig. 1. HEV system of proposed motor application and magnetic circuit
design concept. (with off-set rotor position.)



(a) d-axis.
Fig. 2. dg-axis equivalent circuits considering iron losses (R.).

(b) g-axis.
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Fig. 3. Another magnetic pole placement type.
(Flux intensifying type without off-set rotor position.)

passive variable magnetic field which requires no additional
device are compatible, the structure is complicated.

In the contrast to the above technical problems, this paper
proposes a pancake-axial-gap structure to realize expansion of
the torque generation surface, and passively change the
magnetic resistance of the image-pole (iron pole) of the
consequent pole structure by the armature magnetomotive
force and the rotation speed. Since passive variable magnetic
flux technique does not require an additional device, e.g.,
DC/DC converter, cost merit is high. In this paper, the
explanation of variable magnetic flux principle, study of
magnetic circuit of proposed motor and drive performance
prediction by FE-analysis are shown.

II. VARIABLE MAGNETIC FLUX PRIPCIPLE

A. Concept of Magnetic Circuit Design

Figure 1 (b) shows a schematic diagram of the magnetic
circuit of the proposed motor. In order to realize high torque by
enlarging the torque generation surface, a pancake-axial-gap
structure is adopted. It adopts a consequent pole type rotor, and
the image pole (iron pole) has a salient pole structure with
winding a rotor coil, and it's rotor coil is a self-excited wound-
field structure connected via a diode rectifier circuit. The
induced electromotive force is generated when the second-
order space harmonic which is unavoidably generated in the
concentrated winding stator interlinks with the rotor winding,
and the field current flows by the diode rectifier circuit with
self-excitation [17]. The second-order space harmonic changes
passively depending on the amplitude of the armature
magnetomotive force. Since the induced electromotive force
generated by the second-order space harmonic wave
interlinking the rotor winding follows the Faraday's law, its
electromotive force varies with the rotation speed. That is, the
amount of magnetization of the image pole can be regarded as
a variable field pole which passively changes with respect to
the armature magnetomotive force and the rotation speed. As a
result, in the dg-axis equivalent circuit shown in Fig. 2, the
electromotive force due to the field magnetic flux of the g-axis
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Fig. 5. Second-order space harmonic vectors.

equivalent circuit is variable, and variable field can be realized.
On the other hand, by adopting the back yokeless segmented
type concentrated winding stator structure, it is possible to
efficiently link the second-order space harmonic occurring
inevitably to both gap faces to the image pole [18]. According
to Refs. [17] and [19], the second-order space harmonic that is
inevitably generated in the concentrated winding stator is a
magnetic field that rotates with 2-times harmonic of opposite
phase with respect to the fundamental wave rotational
coordinate, and when observed from the rotor (on the dg-axis)
synchronously rotating with the fundamental rotating magnetic
field, it becomes the third time harmonic. From Ref. [18] and
above description, the magnetomotive force generated by
concentrated winding stator structure can be explained by the
following equations:

F,(1,0) :%Nla {Rsl cos(0—ax + &—%Rsz cos(20+ ax — 5)} (1)

where F; is the magnetomotive force generated by concentrated
winding stator structure, N is a turn number of armature coils,
I, is the amplitude of armature current, Ry; and R, is a
amplitude of the fundamental content and a second-order space
harmonic content of permeance distribution coefficient, € is a
spatial position, @ is an angular velocity, J is a armature
current phase, respectively. As expressed in the above
expression, the armature magnetomotive force of the
concentrated winding stator is composed of fundamental
rotating magnetic field and the other is a harmonic rotating
magnetic field that rotates in the opposite phase direction at 2-
times the speed with respect to fundamental rotating magnetic
field. Then, applying a rotational coordinate transform by using
the relationship in synchronous rotating state as 8 = a, the
second term in Eq. (1) is observed as a third time harmonic 3 at
on the dg-reference frame.

Slot combination is also an important factor. By setting the
slot combination to 2-vs.-3 series, the rotor d-axis inductance
varies with the three-order harmonic pulsation, so the magnetic
coupling coefficient with the second-order space harmonic
becomes strong [19]. Figure 4 shows the proposed model with
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the structure designed based on the magnetic circuit concept of
Fig. 1 and Fig. 3. Figure 5 shows the second-order space
harmonic vector distribution calculated by FE-analysis. As
shown in Fig. 5, in either of the two magnetic pole
arrangements, the second-order space harmonic is linked to the
rotor salient pole (image pole), and when the coil is wound
around the salient pole, the induced electromotive force can be
obtained. On the other hand, as shown in Fig. 6 (a), the torque
ripple greatly differs between the two magnetic pole
arrangements. Generally, in the case of a consequent pole
structure, there is a problem that the field pole having a field
source (permanent magnet) and the image pole (iron pole) have
a large difference in permeance and large torque ripple.
However, in the case of the pancake-axial-gap structure, by
offsetting the magnetic pole arrangement of the two rotors as
shown in Fig. 4 (a), the phase relationship between the torque
ripples of the two rotors becomes opposite in phase so that the
torque ripple can be greatly reduced as shown in Fig. 6 (b).
Therefore, Fig. 4 (a) is adopted for the magnetic pole
arrangement of proposed motor.

B. Self-Excited Wound-Field Pole

Next, as shown in Fig. 1, the polarity of the self-excited
wound-field pole provided in the image pole can be set to the
same polarity (flux intensifying) with respect to the magnet
pole in the magnetic path of the series magnetic circuit
configuration, or as shown in Fig. 7, the polarity is opposite
(flux weakening). There are two possibilities. As described in
the previous section, since the self-excited wound-field pole is
a variable magnetic flux pole which passively changes with
respect to the armature magnetomotive force and the rotation
speed, in the former case, the magnetic flux is automatically
increased. On the other hand, in the latter case, flux weakening
is automatically performed as the rotation speed increases.
Performance comparison of both type will be done in the next
chapter. In this section, the principle verification machine used
in the FE-analysis of the next chapter is shown. As shown in
Fig. 8, the slot combination of 12 poles and 18 slots is adopted,
and a high space factor is realized by insetting the performed
rectangular wire wound coil which is shaped in flat angle alpha
windings to eliminate the dead space occurring at the first turn
of winding. A soft magnetic composite (SMC) is used for the
three-dimensional magnetic path, and the segment type stator
core is formed by splitting in the axial direction, and after
being attached to a holding member made of SUS303 in Fig. 9,
it is sealed with PPS resin. The rotor core is studied with a split
core so that the weight density is about 7.4 ~ 7.5 g/cm® with
using a 600 ton press machine. Attach the rotor core to the
protective member made of SUS303 in Fig. 9, then attach the
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Fig. 10. Schematic of proposed motor with non-displayed armature
windings.
permanent magnet (N50M manufactured by Shin-Etsu

Chemical Co.) and the rotor winding, and next seal it with PPS
resin. As shown in Fig. 9, the diode rectifier circuit is disposed
on the rear face of the rotor by using a resin holder.

Next, the rotor rectifier circuit will be described with the
flux intensifying type as an example. As can be confirmed in
Fig. 5, since the second-order space harmonic of the self-
excited energy source is distributed more in the gap face, as



shown in Fig. 10, an induction coil (I-coil) for obtaining
induced electromotive force is arranged on the gap face, and
the field coil (F-coil) for generating field magnetization is
placed on the base of the rotor salient pole. As shown in Fig. 11
(a), since the induced electromotive force is generated in each
I-coil by linking the second-order space harmonic, it is
preferable that the rotor winding rectifier circuit is connected
such that diodes are alternately conducting every half period
and a positive voltage is output to the F-coil over the whole
period. Thus, as shown in Fig. 11 (b) and (c), two I-coils are
connected to the cathode common type diode, and the F-coil is
arranged on the cathode side to constitute a rotor winding
rectifier circuit. The I-coil and the F-coil are wound 90 turns
each. Both the stator core and rotor core outer diameter are
@123 mm, the air gap length is 0.8 mm, and the core axial
length is 50 mm.

III. PERFORMANCE PREDICTION BY ELECTROMAGNETIC FIELD
ANALYSIS

A. Current Phase-vs.-Torque Characteristics

Firstly, the following analysis results were analyzed with a
three-dimensional model using commercial electromagnetic
field analysis software (JMAG-Designer ver. 16). In this study,
in order to verify the performance difference due to the
difference in the polarity of the variable field pole, various
characteristics are considered in the constant torque region
where the power supply voltage is sufficiently high. Figure 12
shows the current phase-vs.-torque characteristics at the
rotation speed 2000 r/min and the armature magnetomotive
force of 670 AmsT. As a reference, the result of placing the
rotor winding rectifier circuit in the open state is also shown.
Comparing the reference model with the other results from this
figure, it can be confirmed that the torque is increased in the
case of the same polarity with respect to the magnet poles, and
the torque is decreased in the case of the opposite polarity. The
magnetic resistance of the series magnetic circuit changes by
changing the amount of magnetization of the image pole (iron
pole) with the second-order space harmonic as the field energy
source and the amount of magnetic flux interlinking the
armature changes. Furthermore, it can be confirmed that the
characteristics of the forward salient pole are obtained. Here,
the +g-axis is defined as the current phase reference, and the -
d-axis direction is defined as the phase advance side. Figure 13
shows the results of electromagnetic field analysis of the torque
with respect to the armature magnetomotive force under the
driving condition of the rotational speed of 2000 r/min and the
current phase of 0 deg (ix = 0). In the case of iy = 0 control,
only the magnet torque is obtained, and in the range where the
magnetic saturation does not occur, the torque characteristic is
linear with respect to the armature magnetomotive force. In the
same figure, the reference model has a linear torque
characteristic with respect to the armature magnetomotive
force, whereas by setting to the variable magnetic flux type, it
can be confirmed that the torque characteristic is nonlinear with
respect to the armature magnetomotive force. From this, it is
understood that the field amount of the self-excited wound-
field pole can be passively adjusted by the armature
magnetomotive force as described in Section 2.1. Figure 14
shows magnetic flux vector diagrams at a rotational speed of
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3000 r/min, the armature magnetomotive force of 670 AmsT
and the current phase of 0 deg. From the figure, it can be
confirmed that in the case of the flux intensifying type with
respect to the reference model, the magnetic flux density of the
image pole (iron pole) is high (magnetoresisitance is low). On
the other hand, in the case of the flux weakening type, it can be
confirmed that the magnetic flux density of the image pole is
lower than that of the reference model (high
magnetoresistance). That is, it can be visually confirmed that
the amount of magnetization of the self-excited wound-field
pole wound on the image pole is passively changed by utilizing
the space harmonic and variable field can be realized.
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B. Adjustable Speed Drive Characteristics

Next, Fig. 15 shows the adjustable speed drive
characteristics under the excitation condition of the armature
magnetomotive force 670 AmsT and the current phase of 0 deg
(ia 0 control). In this case, in order to check the
characteristics when the rotation speed changes under the
constant armature magnetomotive force, the DC-bus voltage
constraint is not considered. From this figure, in the case of the
flux intensifying type, compared with the reference model,
even under the constant condition of the armature
magnetomotive force, the induced electromotive force at the
rotor winding increases with the Faraday's law as the rotation
speed increases, so that the magnetic flux strength of the iron
pole increases. As a result, it can be confirmed that the torque
is improved as the rotation speed increases. On the other hand,
in the case of the flux weakening type, it can be seen that the
torque decreases as the magnetic resistance of the iron pole
increases as the rotation speed increases. It can be seen that in
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both types, i.e., the flux intensifying type and the flux
weakening type, as the rotation speed increases to some extent,
the rate of change in the torque decreases. This is because the
induced electromotive force generated by the interaction of the
space harmonic with the rotor winding is opposed to the
amount of superposition of the second-order space harmonic
with respect to the fundamental wave. Figure 16 shows the
variable magnetic flux effect to the line voltage. It can be seen
from the figure that the change amount of the line voltage is
smaller than the change amount of the torque. This is because
the effect of the armature magnetic flux on the line voltage is
larger than the magnet flux in the case of the consequent pole
type. Here, the mathematical model of IPMSM is generally
expressed by Eq. (2), and (3) on the dg-axis coordinate.

T =Py\La ~Lg Jiaiy +Vmiy } )
\Z _ R+ de/dt —a)Lq id + 0 (3)
vy al R+dL,/dt | i, oy,

Here, P, is the number of pole pair, d/dt is the differential
operator, R is the armature winding resistance, L4, Ly, 4, ig are
the dg-axis inductance, dg-axis armature current, @ is the
electrical angular velocity, and i, is the magnetic flux of the
magnet, respectively. In the case of the forward salient pole
type (Ls > L) like the proposed motor, v4 > v, and the g-axis
becomes the dg-axis voltage ellipse with the long axis radius.
In this case, the line voltage cannot be kept within the voltage
ellipse by merely advancing the current phase angle by keeping
the armature current vector norm constant in the rotation speed
region above the nominal speed. It is necessary to drive by
lowering the armature current vector norm. This will be
described with reference to the dg-axis vector diagram. Figure
17 (a) and (b) show the dg-axis vector diagram of the flux
weakening type and flux intensifying type. Here, Yo is the
electromagnet magnetic flux generated by at the self-excited
wound-field pole with space harmonic as a field energy source.
The vector shown in gray arrow in the figure is the case of the
reference model. In the flux weakening type, the electromagnet
flux vector in the opposite direction to the magnet flux vector is
formed by the image pole (iron pole), and the magnetic
resistance is increased. As a result, as shown in Fig. 17 (a), the
dg-axis vector changes and the voltage V can be reduced. In
the case of the flux intensifying type, the electromagnet flux
vector in the same direction as the magnet flux vector is formed
in the image pole (iron pole), and the magnetoresistance
becomes small. As a result, the dg-axis vector changes as
shown in Fig. 17 (b), and the voltage V; increases. When it is
desired to suppress the voltage with the flux intensifying type,
since Wecoi changes passively to the armature magnetomotive
force, the flux intensifying field amount can be adjusted by
lowering the armature current vector norm as shown in Fig. 17
(c). As described above, in the case of the forward salient pole
type, since v, > v4 and the g-axis is the dg-axis voltage ellipse
with the long diameter radius, it is necessary to drive with
lowering the armature current vector norm at or above the
nominal rotation speed. This property means good
compatibility with the variable magnetic flux adjustment of the
flux intensifying type. In other words, in the region above the
nominal rotation speed, adjusting the armature current vector



norm and finely adjusting the amount of field makes it possible
to realize high torque and expand adjustable speed drive
characteristics. Therefore, in the case of the variable magnetic
flux motor proposed in this paper, it is good to design the
image pole (iron pole) part with the flux intensifying type and
adjust the operating point of the line voltage with the armature
current vector norm.

IV. CONCLUSION

In this paper, it has been proposed that the motor which
adopts a pancake-axial-gap structure to realize expansion of the
torque generation surface and can passively change the
magnetic resistance on the image pole (iron pole) of
consequent pole structure by the armature magnetomotive
force and the rotation speed. The explanation of the brushless
variable magnetic flux principle on the image pole (iron pole)
and the magnetic circuit design was explained, and the basic
drive characteristics were clarified by electromagnetic field
analysis. In addition, the performance consideration was made
from the viewpoint of electromagnetic field analysis and vector
diagram for the case where the variable field of the image pole
is intensified and the case of flux weakening. As a result, in the
case of the variable magnetic flux motor proposed in this paper,
it is highly possible to improve the efficiency by improving the
torque and reducing the armature copper loss by designing the
image pole to be flux intensifying type and adjusting the line
voltage by adjusting the armature current vector norm. In the
future, the actual machine will be prototyped and actual drive
characteristics, efficiency map, each losses, and variable
magnetic flux ability will be demonstrated.
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