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ABSTRACT

This paper describes a novel line-start type self-excited wound-field synchronous motor with
three-phase concentrated winding stator. The unique feature of this proposed motor is that it accelerates by
obtaining the induction torque from the slip frequency at the time of starting, and at the time of synchronous
pull-in, it is driven synchronously with the second order space harmonic as the field magnetization power.
First, the operation principle and the magnetic circuit design topologies will be described. Then, the prototype
for principle verification and experimental setup will be revealed. Next, the result of evaluating the no-load
synchronization pull-in characteristics in actual machine evaluation is reported.

INDEX TERMS Concentrated winding stator, line-start, self-excitation, synchronization, wound-field.

I. INTRODUCTION

As an industrial general-purpose motor that uses a fan or
a pump as a load, a line-start type induction machine (IM)
from a commercial AC power source has been widely used
because of the demand for system cost reduction. Since the
IM is a drive system that does not require an inverter or a
rotor position sensor, it is low cost. But it requires an exciting
current to obtain a field magnetic flux, which makes it difficult
to achieve higher efficiency. As a research trend of improving
the efficiency of IM, it has been reported that the resistance
of the secondary conductor bar is reduced by adding silver, or
copper is used instead of aluminum, and it is actually being
introduced to the market [1], [2]. Since the resistance of the
secondary conductor bar decreases, the maximum torque can
be achieved with low slip, so that high power factor drive
and secondary copper loss can be reduced [3], [4]. On the
other hand, high efficiency can be achieved by adopting a
permanent magnet type synchronous motor (PMSM) that does
not require an exciting current for IM. However, since PMSM
cannot be self-started in principle and requires an inverter and
a magnetic pole position sensor, it has not been widely used

in industrial general-purpose systems from the viewpoint of
system cost. Therefore, research and development on a linestart PMSM (LS-PMSM) that adds a self-starting function by
providing a secondary conductor on the outer circumference
of the rotor is progressing. It is actually being put on the
market [5]–[19]. In addition, recently, studies on the axial gap
structure have been carried out for the purpose of improving
the torque density of LS-PMSM [20]. This type of motor has a
large output and high efficiency when synchronized. However,
the brake torque is generated due to a permanent magnet
magnetic flux which deteriorates the starting characteristics
while asynchronous driving. In addition, there is a problem
of demagnetization risk. This is because the harmonic flux of
the slip frequency component interlinks with the permanent
magnet at the time of asynchronous, and the eddy current
is generated in the magnet to generate heat. Furthermore,
LS-PMSM has a problem that it is difficult to reduce armature copper loss because it has a distributed winding stator
structure. As another research with a different magnetic circuit
topology, the first one is a brushless wound-field type threephase synchronous motor that self-starts by using the Gerges
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phenomenon at the time of starting [21]. This motor has a
structural limitation such as a starter winding built into the
stator and a switch for switching between the starter winding
and the armature winding is required. The second one is a
line-start type synchronous reluctance motor (LS-SynRM) in
which a secondary conductor is embedded in a multi-layer
flux barrier [22]–[26]. Since the torque can be generated by
the synchronous reluctance torque during synchronization, the
secondary copper loss can be reduced under synchronization.
However, as with IM, there is no field source on the rotor side,
so exciting current is required to obtain the field flux. Since
most of them have distributed winding stator structure, it is
difficult to reduce armature copper loss.
In view of the above problems, the authors are researching
on the development of a new motor that can achieve higher
performance than IM based on a concentrated winding stator structure. Since the concentrated winding structure can
shorten the total coil length, it is possible to realize miniaturization and reduction of armature copper loss. In LS-PMSM,
an expensive magnet with high coercive force is embedded in
the rotor, but in the proposed motor, an electromagnet plays its
role. As a feature different from the general separately excited
wound-field type, it is a self-excited type in which a rectifier
circuit is configured on the rotor using only passive elements.
This paper proposes a line-start type self-excited wound-field
synchronous motor (LS-SEWFM) based on a new operation
principle, explains the magnetic circuit topology, and reports
the evaluation results of the no-load synchronous pull-in characteristics with prototype.

FIGURE 1. Proposed novel line-start machine.

TABLE 1 Main Specifications of Prototype

II. MOTOR DESIGN
A. MACHINE DESIGN

Figure 1 shows the radial cross-sectional view of new linestart type self-excited wound-field synchronous motor. A rotor
with a forward salient pole structure (0.35 mm thickness laminated steel sheet) is wound with two types of rotor windings,
and an auxiliary pole (0.35 mm thickness laminated steel
sheet) is placed between salient poles to form a magnetic
circuit. 40 secondary conductor bars (A2017 material in JIS
standard) are arranged on the outer diameter side of the rotor.
The secondary conductor bars are short-circuited at a pitch of
the number of poles as shown in Fig. 1(c), and each of the two
short-circuited secondary conductor bars is independent from
the other pairs. The two types of rotor windings are composed
of an induction coil (I-coil) that obtains electromotive force
from the 2nd space harmonic, and a field coil (F-coil) that
forms a field pole through a diode. The rotor winding circuit
is shown in Fig. 1(d). With this configuration, at the time
of starting, an induced current having a slip frequency flows
through the secondary conductor bar to generate an induction
torque and accelerate. After reaching the synchronous speed,
a field pole is formed by the 2nd space harmonic and rotates
at the synchronous speed. Since the experiment is conducted
in the facilities of the university’s laboratory, the design is
downsized from the actual required specifications, and the
VOLUME 1, 2020

main specifications are as shown in Table 1. At present, the
motor parameters are not optimized due to the initial principle
verification stage. The difference between IM or LS-SynRM
and LS-PMSM or LS-SEWFM depends on whether it is necessary to intentionally supply the excitation current from the
armature side to obtain the field magnetic flux. In the proposed
motor, the field magnetic flux is obtained from the armature
magnetomotive force, but the space harmonics that were conventionally consumed as iron loss are utilized as the field flux
source. From the next section, the magnetic circuit topology
of the proposed motor will be explained.
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FIGURE 3. 2nd space harmonic distribution.

FIGURE 2. Three-phase armature waveforms and spatial magnetomotive
force waveforms.
FIGURE 4. Air gap magnetic flux waveforms.

B. MAGNETIC CIRCUIT TOPOLOGY

As is well known, the gap magnetic flux waveform produced
by the three-phase concentrated winding stator has the 2nd
space harmonic superimposed in addition to the fundamental
magnetic flux [27]. Figure 2(a) shows the three-phase sinusoidal current, and Fig. 2(b) and (c) shows the theoretical
spatial distribution of the gap flux generated in the three-phase
concentrated winding stator at the timing of T1 and T3 in
Fig. 2(a). From this figure, the fundamental magnetic flux
moves to the right, whereas the 2nd space harmonic moves to
the left, and the 2nd space harmonic is in antiphase with the
fundamental. When the above 2nd space harmonic is observed
from the viewpoint of the rotor, in the case of a synchronous
machine, the rotor rotates in the same direction as the fundamental waveform at the same frequency, and is therefore observed as a third time harmonic. From the above, in a general
synchronous machine, iron loss occurs due to this harmonic
magnetic flux. In PMSM, it also leads to the generation of
magnet eddy current loss, so measures such as providing an
appropriate flux barrier will be taken. On the other hand, for
IM, in addition to slips on the fundamental waveform, electromotive force is generated in the secondary conductor due
to slips on the harmonics. Therefore, the secondary current
waveform is greatly distorted, which is a fact that deteriorates
the performance. This is hindrance to improving the performance of the IM with three-phase concentrated winding stator.
On the other hand, from a difference point of view, when the
wound-field rotor is arranged in this three-phase concentrated
winding stator, an induced electromotive force is generated by
the 2nd space harmonic even when rotating at the synchronous
238

speed. Based on this fact, in this research, based on a woundfield rotor, the induced electromotive force is obtained from
the space harmonics generated in the three-phase concentrated
winding stator. This electromotive force is used as the field
source. Figure 3(a) shows the magnetic flux distribution of the
2nd space harmonic generated in a three-phase concentrated
winding stator containing a circular rotor with no permeance
distribution. The design constraint of the new general-purpose
line-start type synchronous motor is 4 poles, so the rotor with
4 salient poles is included in the three-phase concentrated
winding stator. Figure 3(b) shows the 2nd space harmonic flux
distribution when the above salient pole rotor is included in a
concentrated winding stator. Here, T1 , T2 and T3 in this figure
are results of the gap magnetic flux waveform at the time of
Fig. 2(a), respectively. Figure 4 shows the results of harmonic
analysis of the gap magnetic flux waveform in Fig. 3. From
this figure, the gap magnetic flux is modulated by the permeance distribution of the salient poles, so that the amplitude
of the 2nd space harmonic becomes small. Mathematically
expressing it, when a three-phase sinusoidal current (Iu , Iv and
Iw ) is given as shown in (1), the armature magnetomotive force
Fs is given by (2).
⎧
⎨ Iu = Ia cos (ωt − δ)

Iv = Ia cos ωt − 23 π − δ 
(1)
⎩
Iw = Ia cos ωt − 43 π − δ
Here, N is the number of turns of the armature coil, ω
is the electrical angular velocity, and δ is the current phase,
respectively. Rs means a spatial permeance distribution and is
VOLUME 1, 2020

given by (3).



2
4
Fs (t, θ ) = N Iu Rs (θ ) + Iv Rs θ − π + Iw Rs θ − π
3
3
(2)
Rs (θ ) = Rs1 cos θ + Rs2 cos (2θ − π )

(3)

Here, Rs1 represents the fundamental wave component, Rs2
represents the second harmonic component, θ is spatial rotor
position, and the permeance distribution is approximated up
to the 2nd order. Furthermore, based on the above results, the
2nd space harmonic has an opposite phase to the fundamental
wave. By substituting (1) and (3) into (2) and rearranging, (4)
can be obtained.

3
Rs1 cos (θ − ωt + δ)
(t,
)
.
(4)
Fs θ = NIa
−Rs2 cos (2θ + ωt − δ)
2

FIGURE 5. Harmonic contents of air gap magnetic flux waveforms.

Here, when synchronized with θ = ωt, (4) can be summarized as (5).
Fs (t ) =

3
NIa {Rs1 cos δ − Rs2 cos (3ωt − δ)}
2

(5)

Further, since the armature magnetomotive force (5) is
magnetically modulated by the rotor salient pole permeance
distribution Rr (θ ) represented by (6), the gap magnetomotive
force Fgap (t) is represented by (7).

FIGURE 6. 2nd space harmonic distribution with salient pole rotor and
auxiliary poles.

(6)
Rr (θ ) = Rr0 + Rr2 cos (2θ − γ )
⎧
⎫
Rr0 Rs1 cos δ − Rr0 Rs2 cos (3ωt − δ) ⎪
⎪
⎪
⎪
⎨ +R R cos (2ωt + γ )
⎬
3
r2 s1
Fgap (t ) = NIa
1
− Rr2 Rs2 cos (5ωt − δ + γ )
⎪
⎪
2
⎪
⎪
⎩ 21
⎭
− 2 Rr2 Rs2 cos (ωt − δ − γ )
(7)
Here, Rr0 is the DC component of the rotor permeance
distribution, Rr2 is the permeance distribution generated by
two salient poles per electrical angle cycle, γ is the phase
of the permeance distribution, and Rr (θ ) is approximated
up to the second harmonic. For the sake of simplifying the
mathematical expression, the approximation up to the 2nd
space harmonic has been described, but as can be seen from
the above, the salient pole permeance of the rotor reduces the
amplitude of the 2nd space harmonic, and a new harmonic
is generated. The concept of this research is the principle of
obtaining an induced electromotive force from the 2nd space
harmonic, so it is necessary to reduce the amplitude of other
unnecessary harmonic orders while preventing the reduction
of the amplitude of this harmonic. Therefore, as shown in
Fig. 6, an auxiliary pole is arranged between the salient poles
to improve the rotor permeance distribution in which Rr2 is
reduced while preventing the reduction of Rr0 in (6). Figure 7
shows the air gap magnetic flux waveform and its harmonic
analysis results in the magnetic circuit topology of Fig. 6.
Comparing Fig. 5(b)and Fig. 7(b), it is possible to increase
the 2nd space harmonic while preventing the reduction of the
fundamental wave.
VOLUME 1, 2020

FIGURE 7. Air gap magnetic flux waveforms and its harmonic contents
with salient pole rotor and auxiliary poles.

Next, the concept of the secondary conductor bar that generates an induction torque from the slip frequency for selfstarting will be described. As stated in the concept, during
synchronous drive, the induced electromotive force is obtained from the 2nd space harmonic and utilize as the field
source. Therefore, during synchronization, it is desirable to
eliminate magnetic interference so that the secondary current
does not flow to the secondary conductor bar due to the
2nd space harmonic. However, in the case of a type which
the secondary conductor bar is fully short-circuited with end
ring by a general squirrel-cage type IM, secondary current
is magnetically coupled with the 2nd space harmonic during
synchronous driving. Therefore, as shown in Fig. 8, they are
short-circuited and connected at the pole pitch of the fundamental wave, and the two secondary conductor pairs are
connected independently from the other pairs. Therefore, in
239
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FIGURE 8. Separately shorted secondary conductor bar with pole-pitch.

the case of a 4-pole machine, the secondary conductor bars
are short-circuited and connected at a 4-pole pitch.

C. FE SIMULATION

For electromagnetic field analysis, JMAG Designer ver. 18
from JSOL corp. was used. Analysis was performed with
a sinusoidal voltage source using a two-dimensional crosssection model by the finite element method. The number
of elements is 8990, the number of nodes is 5055, and the
number of steps is 180 per period in electrical angle, respectively. First, the rotor winding connection will be examined by
FE simulation. Immediately after direct start, the secondary
conductor bar needs to obtain the induction torque form the
slip frequency flux to accelerate. Then, the field poles need to
be formed immediately after reaching the synchronous speed.
The pulsation of the field flux at the field magnetic pole causes
the increase in torque ripple and speed ripple. Since the proposed motor is wound-field motor based on the self-excitation
principle, the field pole formation time is determined by the
rotor winding inductance and rotor winding resistance. Furthermore, considering the mutual inductance, the armature
winding inductance is also important design parameter. On
the other hand, the number of turns of the armature winding
is determined in order to obtain the required magnetomotive
force. Therefore, the rotor inductance should be designed to be
small. Figure 9 shows the rotor current waveform, armature
current waveform, and magnetic flux waveform interlinking
with the field coil due to the difference in the rotor winding connection under the same excitation condition. Here,
“Condition-I” is a case where the rectifier circuit is configured
by series connection, and “Condition-II” is connected for each
pole pair. U1-coil is one of two U-phase armature windings
connected in parallel. From this figure, it is predicted that
when the rotor windings are connected in series, the field
magnetic flux ripple increases, and the speed ripple increases.
Therefore, it is desirable that the rotor winding is a one-pole
par and is connected to the rotor winding rectifier circuit.
240

FIGURE 9. Line start characteristics compared with rotor coil connection
pattern with applied voltage 70.7 Vrms under no-load.

Next, in order to clarify the characteristics at the time
of asynchronous, the slip-vs.-torque characteristics were obtained by FE simulation. For reference, the results when the
rotor winding is open and when the secondary conductor bar
connection is open are shown for comparison. In FE simulation, when 100 Vrms is applied with 60 Hz three-phase
sinusoidal voltage source, the rotor rotation speed is set to
the constant speed at each speed. From this figure, it can be
confirmed that the torque characteristic drops significantly
just before the synchronous speed. That is, it is suggested
that if the magnetomotive force is low, it may not be possible
to pull in synchronously due to this drop in torque. During
synchronous drive, two types of torque, reluctance torque
and electromagnet torque, can be used, enabling high torque
drive. Furthermore, Fig. 10 suggests interesting results. It can
be self-started without the secondary conductor bar. This is
thought to be due to the AC component of the field current
VOLUME 1, 2020

FIGURE 10. FE simulation results of slip-vs.-torque characteristics with
applied voltage 100 Vrms .

Next, the secondary conductor bar is connected as shown
in Fig. 11(c). Here, the secondary conductor bar is machined
into a cylindrical shape of φ3.1, and both ends are provided
with taps for attaching M2 size screws in JIS standard. After
inserting the secondary conductor bar into the hole for inserting the secondary conductor bar provided in the iron core,
wire it using an AIW round wire with a wire diameter of
φ1.1. Both ends of the secondary conductor bar were shortcircuited with M2 screws with the round terminals as shown
in Fig. 11(b). Here, since insulation treatment between the
secondary conductor bar and the iron core is not performed,
there is a concern that a cross current may occur, but detailed
analysis and improvement in structural design will be a future
work. Then, for the rotor winding, use the common cathode
type SiC diode (ROHM SCS230AE2, VR = 650 V, IF = 15
A/leg) of the TO247 standard on the rotor with one pole pair
to connect the rectifier circuit in Fig. 1(d). Then, as shown
in Fig. 11(c), a rotor was prototyped by performing a racing
process. To prevent centrifugal force, improve mechanical
strength against electromagnetic force, and strengthen insulation between the winding and the iron core, resin (ThreeBond
TB2022E) was used to fix the rotor winding and the circuit on
the rotor. For the stator a split core was used for the purpose of
facilitating trial manufacture and improving the space factor,
and an AIW round wire with a wire diameter of φ0.8 was
manually wound through an insulating bobbin of 0.9 mm. As
shown in Fig. 11(d), after being mounted on the stator housing
with bolts, it was fixed resin similarly to the rotor to secure
mechanical strength and insulation between the winding and
the iron core.
III. EXPERIMENTAL TEST

FIGURE 11. Actual prototype machine.

In this chapter, in order to confirm the operation principle
described in the previous chapter, it is experimentally verified
whether or not the synchronous pull-in can be performed by
line-start under no-load.
A. INERTIA MEASUREMENT

shown in Fig. 9, but it must be confirmed with the actual
machine.
D. PROTOTYPE

Figure 11 shows the actual prototype. As the I-coil and
F-coil, while removing the auxiliary poles, AIW copper wire
with wire diameter φ 0.8 was wound around salient poles.
Then, the auxiliary poles were attached, and the assembly
was performed as shown in Fig. 11(a). From the viewpoint of
assembling, the rotor core and the auxiliary poles are made of
adhesively laminated electromagnetic steel sheets. The insulation between the rotor windings and the iron core is ensured by
a 0.5 mm thick cover made by Markforged CFRP-3D 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
of the rotor that can be housed in the motor housing and trial
production by hand winding.
VOLUME 1, 2020

This prototype is a motor prototyped for verification of the
principle and is not designed with the required specifications.
Therefore, load tests and tests to verify the allowable amount
of load inertia will be demonstrated in the next development
stage as the future works. However, it is important to grasp
the inertia of the prototype itself, as represented by the motion
equation (8), when performing synchronous pull-in under noload. Therefore, as shown in Fig. 12(a), inertia measurement
is performed by the two-point suspension method.
Tm − TL − μs rFc = J
Tm = TIM − T f ield

d2 θ
dt2

(8)
(9)

Here, Tm is the motor torque, TL is the load torque, μs is
the coefficient of static friction, r is the radius to the point of
application of force, Fc is the normal force, J is the inertia,
241
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FIGURE 14. Measured point of line voltage and phase current.

the rotor itself. In this principle verification stage, in order to
exclude these influences, a tachometer (FT3406 manufactured
by HIOKI) that can be measured in a non-contact manner is
used to measure with an oscilloscope using the analog output
function. At the same time, a line voltage V and a phase current I shown in Fig. 14 are measured using a differential probe
(Yokogawa 700925) and a current probe (RIGOL RP1001C).

FIGURE 12. Experimental test of measurement of inertia.

C. SYNCHRONOUS PULL-IN EXPERIMENT
UNDER NO-LOAD

FIGURE 13. Experimental setup.

and θ is the rotation angle. As shown in (9), Tm during nonsynchronization is difference between the induction torque
TIM generated by the slip frequency and the braking torque
Tfield due to the field pole formed by the DC component of the
field current. On the other hand, Tm under the synchronization
is the sum of the reluctance torque Trel and the self-excited
electromagnet torque Te-coil . The second term on the left side
of (8) is added when a load is attached to the output shaft, and
TL = 0 when there is no load. After measuring the rotor mass
with a weight scale and determining the center of gravity from
the balance, the inertia J was measured by the above method.
First, the parameters (a, b, mg, h) of Fig. 12(b) are measured
from the arrangement of Fig. 12(a). Next, the string is twisted
and vibrated. Then, the torsional vibration time Tb before
stopping is measured. Using the torsional vibration frequency
f calculated from Tb , the inertia J is calculated by the (11). As
a result of the calculation, J = 0.013198 kgm2 .
J=

mgab
mgab
=
2
ω h
4π 2 f 2 h

(10)

B. EXPERIMENTAL SETUP

Figure 13 shows the experimental environment setup. The
prototype is driven by a commercial AC power supply while
varying the voltage with a transformer via an electromagnetic
breaker. When the rotation speed is detected using a rotary
encoder, the inertia of the encoder is added to the inertia of
242

Figure 15 shows the measurement results of line-start characteristics under no-load when the applied voltage V is
21.9 Vrms , 32.4 Vrms , 39.4 Vrms , 55.4 Vrms , 69.9 Vrms , 101.2
Vrms , 110.2 Vrms and 129.0 Vrms , respectively. In these figures, due to the limitation of the analog output function of the
tachometer, the dead zone of the sensor is less than 300 r/min,
and it is impossible to measure until it reaches 300 r/min.
Due to the measurement principle of the tachometer, the rotation speed waveform during transition changes stepwise. In
Fig. 15(a) to (e), if the line-start is performed in the state
where the applied voltage is low, the magnetomotive force is
insufficient and the synchronous pull-in cannot be performed,
resulting in the IM drive mode. From (f) to (h) of Fig. 15, it
can be confirmed that when driven with the enough applied
voltage, the synchronous pull-in can be performed up to the
synchronous speed (1800 r/min). For example, in the case of
(f), it can be confirmed that the time from the line-start to the
steady state in synchronization is 0.33 s, and in the case of (g)
it reaches 0.3 s.
D. NO-LOAD LOSS

Figure 16(a) shows the line voltage and phase current during steady-state characteristics at the applied voltage 110.2
Vrms . In this experiment, a transformer is used to insulate the
commercial power supply side from the load side as shown
in Fig. 13, and the power source impedance is significantly
increased. Therefore, the voltage waveform is likely to be distorted due to the voltage drop of the power source impedance
even with a low load current as compared with the case where
no transformer is used. For the above reason, the voltage
waveform is distorted at the timing when the load current
becomes maximum in Fig. 16(a). The no-load loss Wnoload
VOLUME 1, 2020

FIGURE 15. Line start characteristics with respect to applied voltage.

was obtained according to (11) to (16) using the results of
harmonic analysis as shown in Figs. 16 (b) and (c).
S = Vp I = 1621.8VA,

(11)

Q = Vp I sin θ = 1542.8var,

(12)

P = Vp I cos θ = 500.2W,

(13)

Pin = 3P = 1500.6W,

(14)

Wcopper = 3Rs I 2 = 818.0W,

(15)

Wnoload = Wiron + Wmecha = Pin − Wcopper = 682.2W. (16)

Here, S is the apparent power per phase, Q is the reactive
power per phase, P is the active power per phase, Pin is
the input power, Vp is the phase voltage effective value, I is
the phase current effective value, θ is the phase difference
VOLUME 1, 2020

between voltage and current, Rs is the armature winding resistance, Wcopper is the armature copper loss, and Wmecha is the
no-load mechanical loss, respectively. Here, in the phase current waveform of Fig. 16(a), even-order harmonic superposition is observed, and the waveform is observed to be different
for each period. The FFT analysis result in Fig. 16(c) is based
on the waveform in the third period in Fig. 16(a). The line-start
motor is open-loop driven without rotation speed control or
current control. Therefore, speed ripple occurs due to torque
ripple. As a result, pulsation occurs in the current waveform
according to the change in torque value with respect to the
rotation speed. That is, even-order harmonic is superimposed
on the armature current or the amplitude is pulsating due to
the speed ripple. The above numerical values are calculated
using the values in the third period of Fig. 16(a). As a note,
the conduction loss of the diode, the copper loss generated
in the rotor winding, and the secondary copper loss in the
secondary conductor bar are included in Wiron because it is
243
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FIGURE 17. Coasting characteristics under no-load.

FIGURE 18. Mechanical loss under no-load.

pull-in and the inertial rotation is performed. The no-load loss
when power is not supplied converts the rotational energy of
the electric motor into heat energy, and the rotation speed
gradually decreases. When the no-load loss Wopen , the angular
velocity ω, the torque τ generated by the no-load loss during
no power supply, and the inertia J are used, Wopen and τ are
expressed by (17) and (18).
FIGURE 16. Stationary characteristics with applied voltage at 110.2 Vrms .

Wopen = Wmecha = ωτ,
τ =J

difficult to measure. The no-load loss Wnoload was calculated
similarly for other applied voltages. Since the motor parameters such as the winding inductance have not been optimized
for line-start type motor, the phase current value without load
is excessively large. In the future, it is necessary to clarify the
design guideline of the proposed motor.
In order to separate the no-load loss Wnoload into the mechanical loss (including windage loss) Wmecha and the no-load
iron loss Wiron , this section measures the mechanical loss by
the coasting method. When the proposed motor is not supplied
electric power, the 2nd space harmonic does not occur and no
electromagnetic force is formed, so there is no loss due to field
magnetic flux. Therefore, the experiment in which the power
supply is stopped from the steady state after the synchronous
244

dω
.
dt

(17)
(18)

Figure 17 shows the coasting characteristics under no-load,
and Fig. 18 shows the mechanical loss under no-load obtained by the coasting method. Figure 19 shows the result
of obtaining the no-load iron loss Wiron by (16) from the
mechanical loss Wmecha and the no-load loss Wnoload . From
this figure, the no-load loss increases as the applied voltage
increases. In particular, for the no-load iron loss Wiron , the
applied voltage is 101.2 Vrms , 110.2 Vrms , and 129.0 Vrms , all
three conditions rotate at the synchronous speed, but the value
of the no-load iron loss Wrion is significantly different. The
2nd space harmonic, which is energy source of the field flux,
tend to increase passively as the armature current increases.
Therefore, it is predicted that the no-load iron loss due to the
field flux obtained by self-excitation will tend to increase. But
VOLUME 1, 2020

FIGURE 19. No-load loss without mechanical loss.

FIGURE 20. Prototype modified for rotor current measurement.

this tendency is different under the above voltage conditions.
In order to consider the cause of this, it is necessary to confirm
how the rotor current changes at the timing of synchronous
and asynchronous switching. In the next section, the prototype
will be modified to measure the rotor current via the slip ring.
E. FIELD CURRENT MEASUREMENT

The field current is measured in this section in order to consider the fact that the field pole is formed by self-excitation
and the effect of the field current on the speed ripple. Figure 20
shows experimental system in which the prototype of Fig. 12
was modified so that the rotor current could be measured via
a slip ring. Here, as a precaution, the brush contact resistance
and the rotor winding length have been changed by making
the system capable of measuring the rotor current. As a result,
the rotor winding resistance value is changing. Therefore, the
rotor current and time constant change, which does not completely match the results up to the previous section. Figure 21
shows the phase current and field current waveforms after
synchronous pull-in with no-load. From this figure, it can be
confirmed that the amplitude of the field current increases
because the armature magnetomotive force increases as the
applied voltage increases. This is because when the armature
current increases, the 2nd space harmonic passively increases,
and the amount of harmonic flux interlinking with the rotor
winding increases. On the other hand, it can be confirmed that
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FIGURE 21. Measured U-phase armature current and self-excited rotor
field current via slip ring under no-load.

the field current contains not only DC component but also the
AC component. Furthermore, this AC component increases as
the applied voltage increases. Since the field flux fluctuates
due to the pulsation of the field current, it is considered that the
speed ripple is observed in Figs. 15 (g) and (h). In the future,
it will be necessary to improve the environment for measuring
the rotation speed with a high-precision sampling frequency.
It makes possible to analyze the relationship between the
rotation speed ripple and field current ripple.
Next, an experiment is demonstrated on the effect of this
field current ripple on the starting characteristics. First, open
all the connections of the secondary conductor bar so that the
secondary conductor bar does not generate induction torque.
Fig. 22 shows the results of measuring the rotation speed and
armature current when self-starting with no-load. From this
figure, it can be seen that if the applied voltage is sufficiently
high, self-starting and synchronous pull-in can be performed
by the AC component of the field current without induction
torque by the secondary conductor bar. On the other hand,
comparing Fig. 15(f) and Fig. 22(b), the armature current of
the latter is higher than that of the former. It is necessary
to verify the change in power factor and the effect on synchronous torque due to the secondary conductor bar in the
future. In addition, in terms of loss, it is important to deeply
consider the effect of the AC component of this field current.
The comparison of Wcopper and Wiron shows that the proportion of Wcopper is higher. From this result, it is necessary to
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The final goal of this research is to develop a new line-start
type synchronous motor that satisfies the IE4 efficiency standard with a general-purpose motor of several kW for industrial
use.
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