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Abstract—This article describes a novel line-start type self-
excited wound-field synchronous motor with three-phase concen-
trated winding stator. The unique feature of this proposed motor
is that it accelerates by obtaining the starting torque from the slip
frequency at the time of starting, and at the time of synchronous
pull-in, it is driven synchronously with utilizing the second order
space harmonic as the field magnetization power. This driving
principle was verified by performing a load test using the prototype
with two types of load, fan load and eddy current brake load.
Consequently, the synchronization based on the proposed drive
principle could be demonstrated on the actual machine, and the
line-start characteristics of the proposed motor have been clarified.

Index Terms—Brushless wound-field, concentrated winding
stator, line-start, self-excitation, synchronization.

I. INTRODUCTION

ONVENTIONALLY an induction motor (IM) capable
C of self-starting by directly connecting a commercial AC
power supply has been widely used as a general-purpose indus-
trial motor having a fan or a pump as a load due to a demand for
cost reduction of its system. Induction machines are low in cost
because of drive systems that do not require inverters or sensors,
but on the other hand, they require an excitation current to obtain
field magnetic flux, making it more difficult to achieve higher
efficiency. Efficiency can be improved by using a permanent
magnet synchronous motor (PMSM) that does not require an
excitation current, but an inverter is indispensable because a
PMSM cannot in principle start by itself. Therefore, it has not
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been widely used in industrial applications from the viewpoint of
system cost. Therefore, research on a line-start type permanent
magnet synchronous motor (LS-PMSM) having a self-starting
function by embedding a secondary conductor on the outer
periphery of the rotor has been advanced [1]-[8]. In recent
years, an axial-gap structure or dual stator structure has been
studied for the purpose of improving the torque density of the
LS-PMSM [9]-[11]. This type of motor has high output and high
efficiency at the time of synchronization. On the other hand, there
are problems such as a brake torque caused by the permanent
magnet flux while driving asynchronously. And immediately
after starting, a large AC magnetic flux corresponding to the
slip frequency is linked to the magnet, so there is a risk of
demagnetization of the magnet [12], [13]. Further, there is a
problem that it is difficult to reduce the armature copper loss due
to the distributed winding stator structure. In order to prevent
these problems, there are techniques such as adopting a high
coercive force magnet with a large amount of rare earth such
as Dy or Tb added, or a distributed winding stator structure
using a preformed rectangular wire bar preformed to shorten
the coil-end and reduce the resistance value. However, the cost
increases [14]. Another study, although the design concept is
different, as a first one, a brushless wound-field type three-phase
synchronous motor that self-starts by using Gerges phenomenon
at the time of starting is reported [15]. However, there are
structural restrictions such as the need to incorporate a line-start
winding in the stator and a switch for switching between the
line-start winding and the armature winding. As a second study,
a line-start type synchronous reluctance motor (LS-SynRM) in
which a secondary conductor is embedded in a multilayer flux
barrier has been reported [16]—-[25]. Since torque can be gener-
ated by synchronous reluctance torque during synchronization,
secondary copper loss can be reduced during synchronization.
However, in addition to the need for an excitation current to
obtain a field flux as in the case of the IM, it is difficult to reduce
the armature copper loss due to the distributed winding stator
structure.

In viewpoint of the above problems, the authors have de-
veloped a concentrated winding stator structure type LS-motor
that can reduce the armature copper loss and the motor size.
In addition, we are studying the possibility of a motor that can
achieve higher performance than IM under the constraint that
magnets are free, and no active elements are used. This paper
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Fig. 1. Proposed novel line-start machine.

presents a proposal of line-start type self-excited wound-field
synchronous motor (LS-SEWFM) based on a new principle and
the results of verifying the drive characteristics by performing a
load test.

II. NOVEL LINE-START MACHINE TOPOLOGY
A. Structure and Principle

Fig. 1(a) and (b) show radial cross sections of the proposed
motor. It consists of a magnetic circuit in which two types of
rotor windings are wound around the rotor having a forward
salient pole structure and auxiliary poles are arranged between
salient poles. The auxiliary pole is held structurally using a bar
made with the Markforged CFRP 3-D printer. Forty secondary
conductor bars are arranged on the rotor outer diameter side. The
secondary conductor bars are short-circuited at the pitch of the
number of poles as shown in Fig. 1(c), and the two short-circuited
secondary conductor pairs are not connected to other pairs with
electrically independent. In this research, because it is a 4-pole
machine, the secondary conductor bars are short-circuited at a
4-pole pitch, so that the second order space harmonic shown
in the next section are not magnetically coupled at the time of
synchronization pull-in. The two types of rotor windings consist
of an induction coil (I-coil) that obtains a magnetomotive force
from the second order space harmonic that is unavoidable due
to the concentrated winding stator structure, and a field coil
(F-coil) that forms a field pole through a diode, and Fig. 1(d)
shows the connection circuit. It is based on the self-excitation
technique using the space harmonics of the Ref. [26], and the
F-coil can be driven while forming an electromagnet utilizing
space harmonic as a field energy source during synchronization.
On the other hand, at the time of line-starting, it can be driven by
the operation principle of IM by the secondary conductor bar. It
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TABLE I
MAIN SPECIFICATIONS OF PROTOTYPE

Stator outer diameter (mm) 125

Stack length (mm) 80

Air gap length (mm) 0.65

Armature winding connection 2-parallel,
Y-connection

Number of armature coil (turn/tooth) | 100

Resistance of armature coil ((V/tooth) | 0.84

Number of induction coil (turn/pole) | 41

Number of field coil (turn/pole) 104
Resistance of induction coil (Q/pole) | 0.33 (average)
Resistance of field coil (€/pole) 0.86 (average)
Resistance of secondary conductor 0.61

bar (m{Y/bar)

means that immediately after line-start, this motor is accelerated
by obtaining torque from the slip frequency, and at the time
of synchronization, it is driven as a brushless wound-field type
synchronous motor utilizing the second order space harmonic as
a field energy source. The specifications are downsized from the
required spec for the product in order to conduct experiments in
the laboratory equipment in university. The main specifications
are as shown in Table I.

B. Magnetic Circuit Design Concept

As mentioned in the previous chapter, this research aims to
develop a motor that is magnet-free and can achieve higher
performance than IM. The difference between IM, LS-SynRM
and LS-PMSM is, as described above, whether or not it is neces-
sary to intentionally supply the excitation current for obtaining
the field magnetic flux from the armature side. As a case of
research on a motor that self-starts other than IM, LS-SynRM, or
LS-PMSM, there is a research report on a line-start type single-
phase switched reluctance motor (LS-SRM) for the purpose of
replacing single-phase IM in Ref. [27]. However, it is intended
for small-output home electric appliances and is not suitable for
industrial use because cost is more important than performance.
Also, in the case of the SRM, similarly to the IM, it is necessary
to supply the excitation current from the armature winding side,
so that it is difficult to improve the efficiency.

As a technique that does not require intentionally supply-
ing an excitation current from the armature side and realizes
magnet-free, there is a self-excitation technique utilizing space
harmonic described in the previous section. The self-excitation
technique of the wound-field motor utilizing space harmonic is
roughly divided into two types, the former being a three-phase
distributed winding stator composed of winding pitches that
intentionally generate second order space harmonic [28]. The
latter is a three-phase concentrated winding stator type in which
a second order space harmonic is inevitably generated due to
the stator structure. On the other hand, according to the Ref.
[29] complied by the Ministry of Economy, Trade and Industry
of Japan, IM for industrial applications has a large loss ratio of
armature copper loss about 40%, it can be expected that the effect
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(a) 2nd order space harmonic.

(b) Sth order space harmonic.

Fig. 2. Space harmonic distribution.
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Fig. 3. Armature current waveforms and special magnetic force waveforms.

of improving the efficiency by reducing the armature copper
loss by adopting the concentrated winding stator. Therefore, a
magnetic circuit is designed based on the latter self-excitation
technique using the three-phase concentrated winding stator.

Fig. 2(a) shows a magnetic flux density distribution of a
second order space harmonic when a three-phase sinusoidal
wave current is excited in the case where an iron solid rotor
is combined in a concentrated winding stator. Fig. 3(b) shows
spatial magnetomotive force waveform of the three-phase ar-
mature current at times 7; and 7 shown in Fig. 3(a). And,
the waveforms obtained by separating the waveform into a
fundamental wave and a second order harmonic. From both
figures, the second order space harmonic is inevitably generated
by the armature winding structure even when the sinusoidal
wave is excited, and the harmonic is rotating magnetic field
that moves in the opposite direction to the fundamental wave. In
order to obtain a strong field flux during synchronous driving,
an auxiliary pole is provided between salient poles to reduce the
magnetic resistance against the second order space harmonic in
Fig. 2(a).

Next, a secondary conductor bar is embedded in the rotor
to obtain torque from the slip frequency during asynchronous
drive. On the other hand, as described above, during synchronous
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driving, the second order space harmonic is used as an energy
source for non-contact power supply to the rotor windings.
Therefore, when the slip s = 0, the magnetic coupling between
the secondary conductor bar and the second order space har-
monic should be set to zero. From above reason, if the secondary
conductor bar connection pitch is set to pole pitch, the secondary
current does not flow at s = 0. However, in the case of a structure
in which the secondary conductor bar is entirely short-circuited
by an end ring used in a general squirrel-cage type, a secondary
current is generated due to magnetic coupling with the second
order space harmonic during synchronous driving. Therefore, as
shown in Fig. 4, the two conductor bar pairs are short-circuited
at the pitch of the fundamental wave, and the two conductor
pairs are electrically independent of the other pairs. The reason
why the number of the secondary conductor bars is set to 40
in this prototype is determined so that the magnetic resistance
is increased with respect to the fifth space harmonic shown in
Fig. 2(b). Not only the second order space harmonic but also
the fifth space harmonic are unavoidably generated by the stator
structure, but this order causes iron loss and an increase in torque
ripple. Furthermore, since it is not used for self-excitation, it
must be reduced. In this prototype, the cross-sectional shape
and embedding position of the secondary conductor bar are
not magnetically optimized because of the principle verification
stage and are determined from the assemblability of the proto-
type described later. In the future, there is a possibility that the
optimization of motor parameters will be sufficiently studied. In
particular, since the cross-sectional area of the secondary con-
ductor bar is related to the resistance of the secondary conductor,
it has a great influence on the slip which is the maximum torque
point in the slip-torque characteristics.

Next, the respective connection methods of the rotor winding
and the armature winding will be described. Since this motor
is a line-start type self-excited wound-field motor, as described
above, after self-starting by obtaining a starting torque from
the slip frequency, it is necessary to form a field pole utilizing
space harmonic and drive synchronously. Therefore, it is neces-
sary to form a field pole immediately after accelerating to the
synchronous speed. When it takes time to form the field pole,
pulsation of the field flux occurs, and torque ripple increases.
Further, if the pulsation of the field current occurs even after the
formation of the field poles, the pulsation of the field flux leads
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to an increase in the torque ripple. An increase in the torque
ripple leads to an increase in the speed ripple, and as a result,
an increase in the transient time until the synchronous rotation
speed is settled or a failure the synchronous pull-in occurs.
On the other hand, since this motor based on self-excitation
technique, the time for forming a certain field pole after reaching
the synchronous speed is determined by the time constant 7, of
(1) consisting of the rotor winding inductance L,. and the rotor
winding resistance R,..
L,
n= (1)
Further, considering the mutual inductance, the armature
winding inductance is also an important design parameter.
Therefore, it is desirable that this motor has a low inductance
design. Based on the above, the armature windings are connected
in full parallel (two parallels), the rotor windings are connected
to one rotor rectifier circuit in pole pairs, and two common
cathode type diodes are provided on the rotor. The two diodes
are mounted at the positions 180 degrees opposites each other
to improve dynamic balance.

C. Asynchronous / Synchronous -vs.- Torque Characteristics
by FE-Analysis

In this section, the torque characteristics of the proposed
motor when it is asynchronous and when it is synchronous
are clarified by electromagnetic field analysis. At first, in order
to analyze how the torque characteristics with respect to slip
change, the slip-vs.-torque characteristics of the proposed motor
were obtained by electromagnetic field analysis (Used IMAG-
Designer ver. 17, by JSOL Corp.). Fig. 5 shows the results
calculated by FE-analysis. The simulation is a two-dimensional
model, which is the result when 100 V.5 is applied with a 60 Hz
three-phase sinusoidal current source. The torque at each slip is
determined by setting the rotor rotation speed to a constant speed
ateach speed. From this figure, it can be confirmed that the torque
has dropped significantly immediately before synchronization.
Fig. 6 shows the simulation results of the rotation speed char-
acteristics, U-phase current, and field current waveforms when
line-start with no-load at the applied voltage of 70.7 V5. Here,
Ul-coil means the current flowing through one U-phase coil of
the armature windings connected in parallel. In this figure, the
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Fig. 7.  Synchronous drive characteristics with respect to current phase at
applied voltage 70.7 Vyms. (FE-analysis results).

synchronous speed is reached from about 1.3 s. At this time, the
AC component is generated in the field current even during the
asynchronization, and a single-phase alternating magnetic field
is generated due to the rotor winding circuit configuration. In
the future, it is necessary to perform a more detailed analysis
of the effect of this AC component on the torque characteristics
when not synchronized. Specifically, in the future, it will be
necessary to measure the slip-vs.-torque characteristics with an
actual machine and to measure and analyze the field current
through a slip ring. In addition, considering the proportional
shifting characteristics, it is expected that the torque character-
istics immediately before synchronization will be improved by
adjusting the value of the secondary conductor resistance in the
specifications of this prototype to be a little smaller. This is a
subject for consideration in the future works.

Next, Fig. 7(a) shows the synchronous drive characteristics
when the applied voltage phase is changed by the three-phase
sinusoidal wave voltage source at applied voltage 70.7 V.
The current phase in this figure is obtained from the result of the
voltage source analysis, and the current phase reference (0 deg)
is the +¢-axis in the dg-axis coordinates. The rotation speed of
the rotor is constant at a synchronous speed (1800 r/min). In
this figure, T,.; is the reluctance torque of the proposed motor,
Te_coit 1s the self-excited electromagnet torque, Tyy1q; is the
synchronous torque, and Tiotq; = Trer + Te-coil, T€Spectively.
More accurately, itis conceivable that an induction torque, which
is a braking torque, is generated by the odd-numbered space
harmonics interlinking with the secondary conductor bar during
synchronization. However, it is ignored because it is difficult
to separate the its torque. T is the simulation result with the
rotor winding open, and T._.,; was calculated approximately
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(a) Rotor windings.

(c) Rotor assembly. (d) Stator assembly.

Fig. 8.  Actual prototype machine.

by subtracting T,; from T,:4;. As can be seen from Figs. 1(a)
and (b), since the proposed motor is a forward salient pole type,
the reluctance torque becomes positive in the flux intensifying
region. The self-excited electromagnet torque is maximum at
about 15 deg in the flux weakening region, not at 0 deg on
the +g-axis. This is because the interlinkage amount of the
second-order space harmonic to the I-coil changes depending
on the armature current phase [26]. Next, Fig. 7(b) shows the
power factor characteristics. It can be seen that the power factor
is improved by forming a field flux in the rotor by self-excitation.
These results show that the proposed motor can utilize reluctance
torque and electromagnet torque during synchronization, and
has the potential to improve the allowable load torque over IM
and LS-PMSM. In the future, it will be necessary to measure
these characteristics using a load motor in an actual machine
and evaluate them experimentally.

D. Prototype

Fig. 8 shows a prototype. With the auxiliary pole removed, an
AIW conductor with a wire diameter of ¢0.8 was wound around
the salient pole as I-coil and F-coil, and then the auxiliary pole
was attached and assembled as shown in Fig. 8(a). From the
viewpoint of assemblability, the rotor core and the auxiliary
pole are made of an electromagnetic steel sheet laminated by
bonding. The insulation between the rotor windings and the
iron core is secured by a 0.5 mm thick cover made with a
CFRP 3-D printer. The space factor of the rotor winding is
21.5% for I-coil and 45.7% for F-coil due to the limitation of the
coil-end length and the trial production by hand winding. Next,
the secondary conductor bar is connected as shown in Fig. 1 (c).
Here, the secondary conductor bar is cut into a cylindrical shape
of ¢3.1 and taps for attaching M2-size screws in JIS standard are
provide at both ends. After embedding the secondary conductor
bar in the hole of iron core, using an AIW round wire with a
wire diameter of ¢1.1, both ends of the secondary conductor
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were short-circuited with round terminals and M2-size screws
as shown in Fig. 8(b). Next, using a TO-247 standard common
cathode SiC diode on the rotor, one pole pair is connected by the
rectifier circuit shown in Fig. 1(d), and the rotor is prototyped as
shown in Fig. 8(c). The rotor windings and the circuits on the ro-
tor windings were fixed using resin to prevent centrifugal force,
improve mechanical strength against electromagnetic force, and
strengthen insulation between the windings and the ion core. The
inertia of the rotor was J = 0.013198 kgm? as a result of actual
measurement by the two-point suspension method.

The stator was a split core with the aim of improving the ease
of trial production and improving the space factor, and an AIW
round wire with a wire diameter of ¢0.8 was manually wound
via a 0.9 mm insulating bobbin. The space factor is 41.5%. After
being bolted to the stator housing as shown in Fig. 8(d), it was
secured with resin in the same manner as the rotor to ensure
mechanical strength and insulation between the winding and
the core.

III. EXPERIMENTAL TEST

In this section, in order to clarify the operation principle of
the proposed LS-SEWFM, load tests are performed with a fan
or with an eddy current brake as loads. In the case of the former,
the load is low inertia and a very light, but the load increases
with the cube of the rotation speed. In the latter case, the load is
larger than in the former, and the load increases with the square
of the rotation speed. Further, according to the eddy current
brake principle, the larger the acceleration, the larger the load.
Therefore, it is possible to verify the self-start characteristics
due to the difference in the load characteristic.

A. Fan Loads

As shown in Fig. 9(a), two types of fans, a propeller type
and an impeller type, were prototyped with a CFRP 3-D printer.
Since the application of this research is intended for driving a fan
and pump, the above two types of fans are used. Fig. 9(b) shows
the actual setup. The prototype is driven by a commercial AC
power supply while varying the voltage with a transformer via an
electromagnetic breaker. The line voltage V and phase current
I are measured using a differential probe (Yokogawa 700925)
and current probe (RIGOL RP1001C). The torque and rotation
speed are measured using a torque meter (UNIPULSE UTM-II
20 Nm). Fig. 10 shows the measurement results of the rotation
speed and torque with two fan types when the line start was per-
formed under each applied voltage. Here, “Fan-1" is a propeller
type and “Fan-2” is an impeller type. At the rotation speed shown
in this figure, the sensor dead zone is less than 150 r/min, and
therefore, it cannot be measured from immediately after the start
until reaching 150 r/min. The sampling frequency of torque and
rotation speed is 300 Hz depending on the device specifications.

Ascan be seen from this figure, if the self-starting is performed
in the state where the applied voltage V is low, the synchroniza-
tion cannot be pulled in, the motor is driven by IM, and the motor
rotates at asynchronous rotation speed. In this figure (b) and (c),
it can be confirmed that, when the proposed motor is started
with an enough applied voltage, it can rotate synchronously at
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1800 r/min, which is the synchronous speed of 4-pole machine
at a commercial frequency of 60 Hz. In case of impeller fan,
as in the case of the propeller type, the synchronization can be
pulled in from an applied voltage of about 110 V,,s. On the
other hand, the torque ripple is larger in the case of the impeller
type. This is because the impeller type has a larger windage loss
and large thrust force is generated.

Fig. 11 shows the results obtained by organizing the losses
excluding the mechanical loss with respect to applied voltage.
In this figure, copper loss means Joule loss in a stator winding,
and iron loss is a value obtained by subtracting copper loss from
total loss. That is, the iron loss includes a secondary copper loss
in the rotor windings, a loss in the secondary conductor bar, a
conduction loss of the diode, which are difficult to separate by
actual measurement. The mechanical loss was measured by the
coasting method and is as shown in Fig. 12. It can be seen from
Fig. 8 that the loss increases at a voltage slightly lower than the
applied voltage that can be synchronized. Specifically, it is about
90 V,ms with the slip s = 0.11 just before the synchronization.
From the Fig. 5, the torque has decreased significantly at the
rotation speed immediately before the synchronization, espe-
cially around the slip s = 0.05. From this result, it is considered
that the increase of the loss at s = 0.11 in the experimental
result of Fig. 11 is due to the increase of the armature current
to compensate for the decreasing torque. This can also be said
from the experimental results shown in Fig. 10(b) and (c), where
the torque value immediately before synchronization is greatly
reduced.
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B. Eddy Current Brake Loads

The load was changed to the eddy current brake in the same
experimental environment in the case of fan loads. As shown
in Fig. 13, the eddy current brake uses an 8-pole type for a
light load and a 14-pole type having a larger load. As shown in
Fig. 13(a), the rotor consists of a magnet (residual magnetic flux
density B, = 60 mT for 8 pole), carbon steel (S45C), for the
rotor yoke, and a housing prototyped with a CFRP 3-D printer.
The 8-pole rotor has a mass of 460 g. The gap between the
rotor and the stator is 1.5 mm. The stator was made of three
different materials: rolled steel (SPCC), carbon steel (S45C),
and aluminum plate (A2017) in Japanese Industrial Standards,
respectively to verify performance due to differences in load
characteristics. In other words, in the case of A2017 material,
it acts as a load that suppresses torque ripple due to the action
of attenuating magnetic flux fluctuations. On the other hand, in
the case of SPCC and S45C, the magnetic attraction between
the magnet and the iron core causes a large torque fluctuation
load, and the load characteristics against slip differ depending on
the electrical resistivity of the two materials. The eddy current
brakes are mainly for a load experiment that simulates a fluid
element of the pump load.

Fig. 14 shows the line start characteristics of the rotation speed
and the torque at each applied voltage when an 8-pole eddy cur-
rent brake is used as a load. In this figure, the applied voltage is
the average value when three loads were tested. Here, the reason
why the applied voltage is slightly different is that the dial of the
transformer cannot be reproduced every time because the dial
is manually set. In this figure, as in the case of the fan load, the
torque ripple and the rotation speed ripple also tend to increase
near the synchronous speed. Further, by carefully checking the
change in speed with time, it is confirmed that the acceleration
increases from the middle area between zero and synchronous
speed. At this time, the load torque dropped from about 0.3 Nm to
0.4 Nm. In other words, from slip-vs.-torque characteristic of the
eddy current brake, the load torque increases as the time change
of the magnetic flux increases. Therefore, the load torque is large
at the line start. In addition, at the synchronous speed, the speed
difference between the stator and the rotor of the eddy current
brake becomes the largest, so that the load torque becomes
large. From this, the load torque fluctuation due to the flow
rate fluctuation of the pump application can be approximately
simulated by using the eddy current brake of magnet excitation
as the load. Fig. 15 shows the results of the loss measurement in
the same manner as the fan load. As with the fan load, when
the applied voltage immediately before synchronization, the
armature current increases due to an increase in torque ripple
and a decrease in torque. Further, since the field current ripple
is considered to increase, the loss increases. At a synchronous
speed of about 130 V., the armature current increases due to
the increase in the applied voltage, and the copper loss increases.

Next, the results of the 14-pole model with the eddy cur-
rent brake will be described. The brake magnet has a residual
magnetic flux density of 180 mT, and the rotor has a mass of
418 g. From the results of the 8-pole model, it was confirmed
that the synchronous pull-in can be performed even if the load
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(a) Applied voltage at 58.2 V.

(b) Applied voltage at 110.3 V.

(c) Applied voltage at 129.9 V.

synchronized increased by about 10 V. From this, it can be
inferred that the torque is greatly reduced immediately before the
synchronization speed. Also, in the time change of the rotation
speed, the acceleration increases at a certain speed as in the
case of another load. Further, as the applied voltage increases,
the speed ripple is almost eliminated within the band of the
sampling frequency 300 Hz. Nevertheless, it can be confirmed

Fig. 10. Line start characteristics with respect to applied voltage under fan loads.
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Fig. 11. Measured loss with respect to applied voltage under fan loads.
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characteristics of the eddy current brake are different, so this
time, A2017 material, which has the largest load, is used as the
stator.

Fig. 16 shows load characteristics of the torque and rotation
speed at each applied voltage. In the case of 8-pole model, the
load under synchronous speed was a maximum of about 0.25 Nm
in steady state. However, by increasing the number of poles
to 14 poles, this experiment can be performed with a load of
a maximum of about 0.5 Nm in steady state. When the load
increases, the voltage that can be synchronized increases. With
the 8-pole model, the applied voltage could be synchronized was
about 110 V5, but with the 14-pole mode, it was synchronized
from about 120 V. Despite that the load slightly increased
from 0.25 Nm to 0.5 Nm, the applied voltage that can be

that the torque ripple is larger at the applied voltage immediately
before the synchronization. The torque ripple or speed ripple is
probably predicted to be inherent in the motor design due to rotor
field current ripple. For further analysis, it is necessary to mea-
sure the rotor current in the future for further analysis. Fig. 17
shows the result of measured losses. The calculation method is
the same as that for the fan load and the 8-pole model. From this
figure, the loss tends to increase just before synchronization as
with previous load results. Since the armature copper loss has
increased, it can be said that an excessive armature current is
flowing to compensate for the decrease in torque. In addition, it
is necessary to analyze in detail the influence of the field current
ripple on the loss. In the future, the protype will be modified so
that the field current can be measured via the slip ring. Further
loss separation will be performed by measuring the field current.
As described previous section, the motor parameters have not
been optimized in this stage for principle verification machine.
Therefore, in this result, the effect of reducing the copper loss by
the concentrated winding stator structure could not be confirmed
so much, and the armature copper loss accounted for a large
proportion of the loss. In designing motor that satisfies the
required specifications in the next stage, it is important to strictly
study the optimization of the balance of the field magnetomotive
force and the armature magnetomotive force in order to improve
efficiency.

C. Effect of AC Component of Field Current on
Starting Characteristics

It has already been shown in Fig. 6 that the large AC
component of the field current is generated during the non-
synchronization. Experimentally verify how the AC component
of the field current affects the starting characteristics. As a
verification method, the connection of the secondary conductor
bar is opened as shown in Fig. 18(a) and (b), and self-starting
is performed in a state where no induced current flows in the
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Fig. 16. Line start characteristics with respect to applied voltage under 14-pole eddy current brake load.

secondary conductor bar. Then check if it can be rotated and of the field current even without the secondary conductor bar,
synchronized. Fig. 18(c) and (d) show the results of experiments  and self-starting and synchronization can be performed. The
with a 14-pole eddy current brake load combined with a fan load  rectifier circuit of the rotor winding has a single-phase alternat-
and an A2017 stator. From these results, it can be confirmed ing magnetic field. Here, from the theory of the two-rotating
that the induction torque is generated by the AC component magnetic field, considering two rotating magnetomotive forces
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thatrotate in positive and negative phases, it is considered that the
induction torque is generated in the positive phase component.
Like the LS-PMSM, the DC-component of the field current and
the negative phase component of the AC component produces
braking torque when it is not in sync, but the proposed motor
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can utilize the positive phase component of the AC component
as torque. The results show the potential for improved starting
characteristics over IMs. On the other hand, from this result, the
following can be considered about the drop of the torque just
before the synchronous speed described in Section II-C in Fig. 5.
The torque drops due to the generation of the braking torque by
the DC-component of the field current and the negative phase
component of the AC component. As future work, it is necessary
to experimentally analyze the factors by comparing the harmonic
analysis results of the speed ripple and torque ripple with the field
current harmonic analysis results by directly measuring the field
current via a slip ring.

IV. CONCLUSION

In this paper, for a general-purpose industrial motor that starts
directly, the motor is accelerated by obtaining the starting torque
from the slip frequency immediately after the line start, and is
brushless to the rotor winding utilizing the second order space
harmonic as the field energy source during synchronization. A
new LS-SEWFSM was proposed and the downsized prototype
was setup, and the load test was demonstrated to measure the
rotation speed and torque characteristics and evaluate the loss.
Through these results, the verification of the operation principle
of the proposed LS-SEWFM and line-start characteristics were
clarified. From the above, the following findings were obtained:

1) Based on the principle of the proposed motor, it obtains
a starting torque from the slip frequency and accelerates,
and at the time of synchronization, it can be driven as a
wound-field type synchronous motor by organizing the
field pole with second order space harmonic and rotor
rectifier circuit.

2) At the synchronous speed, the allowable load torque may
be improved by the two torques of reluctance torque and
self-excited electromagnet torque.

3) Forming field poles in the rotor by self-excitation during
synchronization may improve the power factor compared
to IM.

4) In the non-synchronized state, the induction torque can be
generated by the positive phase component of the AC com-
ponent of the field current, and there is a possibility that
the starting characteristics can be improved as compared
with other line-start type motors.

5) Atthe rotation speed immediately before the synchroniza-
tion speed, the torque greatly decreases, and the torque
ripple also increases. Since the armature current increases
in order to compensate of the decrease in torque, the
armature copper loss increases.

6) The following can be said from the load test results using
an eddy current brake that simulates the fluid elements of
the pump and flow rate fluctuations. The proposed motor
can synchronously pull in according to the principle even
when the flow rate changes, or the load fluctuates.

This paper has verified that the LS-SEWFM self-starts ac-
cording to the proposed principle with the actual machine. In
the future, it is necessary to optimize the magnetic circuit and
experimentally clarify the performance comparison with other
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types of line-start motor such as a high-efficiency induction
motor, a LS-SynRM, and LS-PMSM. In the next stage, based
on the knowledge obtained in this research, we intend to de-
velop a new motor that satisfies the IE4 efficiency standards
of Japan for industrial general-purpose motors of several kW.
In addition, as a future work, it is necessary to verify the
FE-analysis results shown in Section II-C with actual equipment.
Specifically, the prototype will be modified so that the rotor
current can be measured via the slip ring. Then, the asynchronous
torque characteristic and the synchronous torque characteristic
are experimentally clarified by using the load motor.
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