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Abstract—This paper describes a novel self-excitation
technique in which space harmonics and carrier harmonic is
effectively utilized for the field magnetization instead of
permanent magnets. The unique point of this technique are the
following points. The second-order space harmonic that is
structurally unavoidably generated in the motor with
concentrated winding stator is utilized for self-excitation by
inductive coupling. Secondary, the carrier harmonics inevitably
generated in motor controlled by inverter are utilized for flux-
intensifying by inductive resonance coupling. After explaining
the proposed new self-excitation principle, then, the prediction of
driving characteristics by electromagnetic field analysis (FEA) is
shown. In particular, the effect of value of the carrier frequency
to be magnetically resonant coupled and the torque improvement
effect by the flux-intensified electromagnet are clarified.
Consequently, it has been clarified that the proposed new
permanent- magnet free motor can improve the torque density in
the low-speed area because the carrier harmonic can generates
the large electromangetomotive force in rotor winding by
inductive resonance coupling.

Keywords— wound-field, self-excitation, space harmonics,
carrier harmonics, inductive resonance coupling .

I. INTRODUCTION

An electric vehicle development is actively carried out
today as environmental pollution reduction technology in the
transportation equipment field [1]-[3]. As the key technologies
for developing electric vehicles, there are a motor for traction,
an inverter for efficiently converting electric power, and a
battery for energy storage. The motor that is one of the key
technologies mainly adopts a permanent magnet type
synchronous motor and an induction motor, and the optimum
motor is selected according to the driving performance
required for its electric car and its systems. In particular, the
permanent magnet type synchronous motors (PMSM) are
adopted as many electric vehicle traction motors because of
their features of high torque density, wide high efficiency area,
and small size and light weight [4],[5]. Generally, permanent
magnet (PM) machines can generate the high torque density
with a high permanent magnet flux density in the rotor. Thus,
the greater the magnetic flux density the lower armature
current required to generate a given torque. However, a
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consequence of increasing flux density of such machines have
a higher back EMF constant which is a linear product of the
flux density and the rotation speed. To solve the drawback of
that problem, a variable magnetic flux synchronous motors that
can control the magnetic flux of the PMs are intensively
investigated both in industries and in academia a next
generation PMSM [6]-[12]. Furthermore, ultimately, it is
desirable to achieve the same performance as the PM type
motor with the PM-free motor that does not use expensive PMs.
As a classical technique, an induction motor (IM) can be cited
as the motor realizing a full-rage variable magnetic field with
the PM-free motor [13],[14]. However, in the case of the IM,
it is necessary to continuously supply the exciting magnetic
flux from the primary side and there is a problem that the
torque and the power factor are low compared with PMSM.
As a technique capable of realizing torque improvement and
power factor improvement over a classical IM, the induced
electromotive force supplied from the primary side is rectified
in the rotor to form the DC magnetic flux, and an
electromagnet is constructed to be driven as a synchronous
motor. Such self-excited wound-field type motor are designed
to deliberately excite time harmonic on three-phase armature
current to self-excite them, or by devising winding pitch of
distributed winding stators to intentionally generate space
harmonic[15]-[19]. On the other hand, the authors focused on
the fact that the second-order space harmonic inevitably occurs
due to the concentrated winding stator structure, and proposed
the unique self-excited wound-field motor utilizing space
harmonic in the past [20],[21]. Furthermore, it carries out
verification of actual machine, already verifying its principle
and its usefulness [20],[21]. However, this motor can not
obtain the sufficient induced electromotive force at extremely
low rotation speed area, and the problem of low torque at this
operation area is clear from the actual machine verification. In
the view of these problems, this paper proposes a new motor
that achieves torque improvement in the low rotation speed
range of this motor by flux-intensifying with carrier harmonics.

II. OPERATION PRINCIPLE OF PROPOSED MOTOR

Figure 1 shows a cross section diagram of the proposed
motor designed with a small capavity in anticipation of actual
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(a) Cross section diagram.
Fig. 1. Proposed motor.

(b) Prototype structure.

Table I. Specifications of prototype.

Stator outer diameter (mm) 125

Stack length (mm) 80

Pole pairs 2

Number of stator slots 6
Armature winding resistance (Q/coil) 2.0
Induction-coil resistance (£/coil) 1.4
Field-coil resistance (€/coil) 1.4
Inductive-resonance coil resistance (£/coil) 0.4
Number of Induction-coil turn 110
Number of Field-coil turn 110
Number of Inductive-resonance-coil turn 20

machine verification in our university's lab. This proposed
motor has a stator core outer diameter of #125, a stack length
of 80 mm, and a stator winding resistance of 2.0 Q/pole as
shown in Table I. The salient pole rotor is enclosed in the
concentrated winding stator, and the salient pole motor has
three type of rotor coils, that is, the induction coil (I-coil) for
obtaining the induced electromotive force from the space
harmonic, the field coil (F-coil) for generating the field flux via
the diode rectifier circuit and the inductive resonance coil (IR-
coil) with the carrier harmonics. Figure 2 (a) shows the
distribution of the second-order space harmonic calculated by
electromagnetic field analysis. The electromagnetic field
analysis used commercial software (JMAG-Designer). As
shown in this figure, it is found that second-order space
harmonic unavoidably generated in the concentrated winding
stator structure interlink a lot in the vicinity of the gap of the
rotor salient pole, and by arranging the I-coil on the gap side, it
is effective to obtain the induced electromotive force. In
addition, an auxiliary poles are arranged between the salient
poles (on g-axis) so that the space harmonic frequently
interlinks with the rotor salient poles. Figure 2 (b) shows the
carrier harmonic distribution of the proposed motor when the
inverter is driven at the carrier frequency of 2 kHz. As can be
seen from this figure, it is confirmed that the rotor salient poles
interlink a lot carrier harmonic as same as the second-order
space harmonic. In addition, as shown in this figure, since the
flux linkage is distributed near the gap in the carrier harmonic,
IR-coil is placed on the outer diameter side of the rotor as
shown in Fig. 1, aiming to increase the amount of flux linkage
of carrier harmonics. On the other hand, the amplitude of the
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(b) Carrier harmonic (2 kHz).
Fig. 2. Harmonic flux distribution.
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carrier harmonic is smaller than that of the space harmonic.
However, since the time change rate of the magnetic flux is
large, if the magnetic coupling with respect to the carrier
harmonic can be improved, the torque can be improved in the
low rotation speed area. In the view point of this, the attention
has focused on wireless power transmission technique based on
the magnetic field resonance coupling that has been
extensively studied for commercialization in recent years [22].
This is, self-excitation by the carrier harmonics can be realized
by configuring an LC series resonance circuit whose resonance
frequency is set on the carrier frequency. The carrier harmonic
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Fig. 5. Rotor winding circuit.

is inevitably generated in the motor control driven by PWM
control inverter.

Then, the configuration of the rectifier circuit of the rotor
winding will be described. As described above, although the
carrier harmonic is resonantly coupled by magnetic field, on
the other hand, it becomes high impedance at non-resonance,
organizing self-excitation become difficult. Since, the proposed
motor classified variable field motor, the d-axis inductance
varies dynamically as shown in Fig. 3. This means that the
resonance frequency fluctuates with respect to inductance
fluctuation. In the purpose of improving the torque in the low
rotation speed range, when the value of the resonance capacitor
is selected with the carrier harmonic frequency by using the
inductance value at the low rotation speed range, it is assumed
that the resonance state becomes non-resonant state with
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(a) Under low-rotation speed. (b) Over middle-rotation speed.
Fig. 4. Rotor winding circuit passively switched at rotation speed.

respect to the rotation speed increases. Here, there are three
possible connection type for I-coil and IR-coil rotor windings,
as shown in Fig. 4. Since the Fig. 4 (a) and (b) are wound on
the same salient pole, the performance does not change
equivalently.  Figure 4 (c) is different from the series
connection of I-coil and IR-coil, and IR-coil and I-coil are
connected in parallel. Figure 5 shows the rotor winding circuit
in which the IR-coil of Fig. 4 (c) is connected in parallel with
the I-coil to the F-coil through diode rectification respectively.
Here, in order to avoid high impedance at non-resonance and
inability to self-excite, it is desirable that the I-coil for self-
excitation with the second-order space harmonic ant the rotor
resonantly coupled with the carrier harmonic, that is inductive
resonance coil (IR-coil), are connected in parallel to the field
coil (F-coil) via diodes, respectively. Therefore, the system of
Fig. 4 (c) is adopted, and the rotor circuit configuration shown
in Fig. 5 is used. Here, since the F-coil is the coil forming the
field pole, it is not desirable that the harmonic flux interlinks to
generate an induced electromotive force. Therefore, by
arranging the coils on the inner diameter side of the rotor, it is
possible to prevent the linkage of harmonic magnetic fluxes
and to form the field of the constant magnetomotive force.
With such the circuit configuration, as shown in Fig. 6, the
field pole is self-excited with carrier harmonic in the low
rotation region to form the field pole under resonant state with
carrier harmonic, and self-excited with the space harmonic at
the medium rotation or more to self-excite the field pole under
non-resonant state. That is, the circuit self-excited by carrier
harmonics and the circuit self-excited by space harmonic are
switched passively.

III. OPERATION CHARACTERISTICS

A. Flux-Intensifying with Carrier Harmonic

As explained in the previous chapter, the I-coil obtains an
induced electromotive force by electromagnetic inductive
coupling, while the IR-coil utilize the carrier harmonics as the
resonance frequency to form an LC series resonant circuit, and
obtains an induced electromotive force by inductive resonance
coupling. That is, in the proposed motor, magnetic resonance
coupling is performed in the LC series resonance circuit in
which the carrier frequency F. is used as the resonance
frequency Fi.s. In the past, the carrier harmonics inevitably
generated by an inverter-driven motor become a source of iron
loss and conductor eddy current loss in the armature winding,
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and the motor performance is degraded. However, this
proposed technique can be utilized to improve torque. As
shown in Eq. (1), F; is determined by the combination of the
self-inductance of IR-coil Lz and the resonant capacitance C,
but as shown in Fig. 1 (b), it is preferable to fix the capacitor
array on the rotor without changing the capacitance.

_ ey
27\JLC

Since the impedance Zjz of the LC series resonant circuit is
represented by Eq. (2) during non-resonance, the impedance is
high. Here, Rz is the winding resistance value of Lz.

] 1
Zp=Ry +.](le1€ _E) @

As a preliminary study, the carrier frequency is set to 2
kHz, the torque characteristics in the low-rotation speed range
are compared between the case where the LC series resonance
circuit of Fig. 3 (b) is impedance-matched with the resonance
frequency at 2 kHz and the case of the non-resonance case.
Figure 6 shows the torque characteristics when the armature
magnetomotive force is 389 AT (armature current 5 Apx) and
only the electromagnet torque (d-axis current iy = 0 control),
and Fig. 6 shows the comparison result of the torque ripple.
Here, the rotor salient pole is defined by d-axis, the interval
between the salient pole is defined by g-axis. The non-
resonance state (circuit without resonance capacitance in Fig.
5) is the same as the model in the conventional case of self-
excitation with space harmonics, so it is described as
"conventional” in each figure. From both figures, in addition
to the improvement of average torque (for example, +36.6 %
at 100 r/min, +28.7 % at 200 r/min, +11.9 % at 400 r/min, and
+7.7 % at 1000 r/min), it is possible to confirm the reduction
of torque ripple. Here, in Fig. 7, the conventional model as 7,
and the proposed model as 7},,. The torque ripple is defined by
dividing the difference between the instantaneous maximum
torque and the instantaneous minimum torque by the average
torque in the range of one electrical angle cycle. From this
figure, it is T, = 76.0 % with respect to 7. = 95.7 % at 400
r/min. As described above, in the motor, the d-axis inductance
largely fluctuates with the rotation speed according to the
variable field principle. As can be seen from Fig. 6, since
impedance matching was performed with the inductance of
100 r/min to improve torque in the low rotation range, it
deviated from the resonance point as the rotation speed
increased, and the flux intensifying effect due to carrier
harmonics was reduced. With regard to torque ripple, it is
possible to reduce torque ripple by being able to reduce the
permeance fluctuation by increasing the amount of rotor
magnetization due to the flux-intensifying effect by carrier
harmonics. The above can be confirmed from Fig. 8 because
the field current of the proposed model is increased compared
to the conventional model. In order to analyze the above in
more detail, Fig. 9 shows the results of evaluating the torque
waveform by Fourier series expansion and evaluating each
harmonic component, and Fig. 10 shows the results of
harmonic analysis of the field current. From these two figures,
although the difference is not seen in the harmonic component
of the field current, on the other hand, in the 6th and 12th
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harmonic of the electrical angle, the proposed model is smaller
than the conventional model. When comparing the gap flux
density waveform from Fig. 11, the gap flux density is higher
in the proposed model. Especially, in the section of 45 deg to
75 deg of rotor position at the momentary maximum torque
and in the section of 100 deg to 130deg of rotor position at the
momentary minimum torque, circumferential electromagnetic
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force is hardly generated and radial electromagnetic force is
dominant. Since the gap magnetic flux density of the
proposed model is high at the above rotor position, the amount

of magnetization of the field pole is increased by the flux-
intensifying effect by the carrier harmonics, and the
permeance fluctuation due to the double salient pole structure
is reduced. As a result, it is considered that the torque ripple
can be reduced.

B. Relationship between Carrier Frequency and Drive
Characteristics

Next, the carrier frequency F. is changed. At the same time,
the resonant capacitance C is changed to maintain F, = F..
The relationship with the torque characteristic at the time is
predicted by electromagnetic field analysis. In the previous
section, the drive characteristics at carrier frequency F. = 2
kHz are shown, but in this section, torque characteristics are
shown in Fig. 12 when the carrier frequency F. is changed
with the rotation speed N = 100 r/min fixed, that is, when the
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resonance frequency F,. is changed. From this figure, the
average torque is +57.5 % at F. = 4 kHz, +69.2 % at F. = 6
kHz, +73.0 % at F. = 8 kHz, +78.5 % at F. = 10 kHz and
+84.0 % at F. = 12 kHz, respectively. Figure 13 shows the
average value of the field current corresponding to Fig. 12.
From this figure, the average value of the field current
increases with the increase of the carrier frequency, and from
this result, the induced EMF in the IR-coil which is
magnetically coupled at the carrier frequency increases by
increasing the carrier frequency F.. As a result, it can be seen
that the torque increases because the field current increases
and the amount of magnetization of the field pole increases.
On the other hand, it is expected that the average value of the
torque and the field current will increase in a linear
relationship because the time change of the magnetic flux
increases in proportional to the carrier frequency F., but as can
be seen from Fig. 12 and Fig. 13, it is actually confirmed that
have non-linearity. As this factor, as shown in Fig. 14, the

Magnetic flux density
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0.8
0.6

Fig. 15. Second space harmonic distribution at carrier frequency
12 kHz.

carrier harmonics flux linked to the rotor salient pole
decreases in proportional to the carrier frequency, and as a
result, it can be considered that the amount of carrier harmonic
linkage flux linked to the IR-coil decreases and the induced
electromotive force does not increases linearly. This result
means that when the proposed motor is intensified field
magnetization utilizing carrier harmonics, the optimum carrier
frequency exists with the system efficiency including the
torque and the inverter. These examinations will be verified
in the actual machine evaluation test using a prototype in the
near future.

C. Amplitude Modulation of Induced Electromotive Force

In addition to the determination of the resonance frequency
F, in the previous section, the Q factor is mentioned as an
important design item that influences the flux-intensifying
effect by the carrier harmonics of the proposed motor. In this
motor, the second space harmonic and the carrier harmonics
are respectively linked to the rotor salient pole, and in the I-
coil or IR-coil, the electromotive force is obtained from the
respective harmonic fluxes. As shown in Fig. 15, there is no
difference in the distribution of space harmonics even when
the carrier frequency F, is changed. Therefore, in the IR-coil,
depending on the Q value, the amplitude modulation occurs in
which the amplitude of the carrier harmonic changes gradually
in time due to the second space harmonic (it is third time
harmonic on the dg-axis reference frame on the rotor). It
means that the second space harmonic correspond to the
envelope of the modulated waveform. Assuming that the
carrier harmonic and the third time harmonic (it means that
observation of the second space harmonic from the
fundamental wave synchronous rotation coordinate) are .
and Y34, respectively, it can be written as the following

equation. Therefore, the sideband waveform wir of the
magnetic flux linked to IR-coil is as shown in Eq. (5).
v, =¢ cosa,t 3)
Vs = Pya COS Wyt “4)
Yir=V. ¥su
(&)

= M%{Cos(wp + a)Srd )t + cos(a}“ - w3rd )t}

In Eq. (5), as an example, when y, = 12566.4 rad/s (F. = 2
kHz) and w3+ = 83.8 rad/s (rotor rotation speed 400 r/min,
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Fig. 15. Induced voltage in IR-coil with open-windings at carrier
frequency 2 kHz under 389 AT and 400 r/min.

13.3 Hz), the sideband of wir is becomes 1986.7 Hz and
2013.3 Hz. In Fig. 10 and Fig. 16, it can be confirmed that the
above-mentioned sideband components are generated in
addition to the carrier frequency F. = 2 kHz. From the above,
it is understood that the Q factor is an important design
parameter that affects the performance in the motor. Next,
under the conditions of rotor rotation speed 100 r/min,
armature magnetomotive force 389 AT, and the carrier
frequency F. = 2 kHz, the capacitance of the resonant
capacitance is changed. In other words, the resonant
frequency and the carrier frequency do not match (Fe # Fly).
And the effect on the torque was obtained, and the torque
characteristics were determined by electromagnetic field
analysis. The result is shown in Fig. 16. From this figure, it
can be seen that in the current design, there is no significant
change in the torque characteristics even if it deviates from the
resonance frequency in the range of about =300 %. On the
other hand, it can also be inferred that the torque
characteristics change by designing the Q factor further from
the current design.
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Fig. 16. Resonance frequency-vs.-torque characteristics at carrier
frequency 2 kHz under 389 AT and 100 r/min.

IV. CoNncLUSION

The purpose of this research is to improve the torque in the
low speed range of the wound-field type synchronous motor
self-excited by the second-order space harmonics that is
inevitably generated in the concentrated winding stator
structure. In this paper, the motor has been proposed that
utilizes the inductive magnetic resonance coupling principle to
obtain an electromotive force from the carrier harmonics that is
inevitably generated when driving an inverter to intensify the
field. The technique of the rotor winding circuit which can be
used together with obtaining electromotive force from carrier
harmonics by inductive magnetic resonance coupling was
explained, acquiring elecromotive force from the second-order
space harmonic by electromagnetic induction coupling. Then,
the proposed principle was verified by FE-analysis. In addition,
the torque characteristics were predicted when the carrier
frequency was changed, and the relationship between the
carrier frequency and the torque characteristics was clarified.
The future plain is to verify the proposed technique using the
prototype for proof of principle. Furthermore, the drive
characteristics (torque, adjustable speed, efficiency map, etc. )
are clarified experimentally.  Then, examination of the
optimum carrier frequency including the system efficiency and
the control method for changing the carrier frequency to the
optimum according to the resonance state are considered.
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