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Abstract—In this paper, a design method for a wound field syn-
chronous motor (WFSM) employing the dual stator winding and
the winding connection change circuit is proposed. Through the de-
sign method, the WFSM can be operated as two different modes,
and each mode is determined by the connection between the stator
windings U, V, W and X, Y, Z. By applying the proposed method
to the conventional WFSM, the operation mode of the motor is
changed at a certain speed. The speed for the mode change is de-
termined to maximize the efficiency of the machine. As a result,
through the mode change, the line to line induced voltage, current
phase angle, and phase resistance are decreased. In addition, the
demand field current is also reduced to achieve the required torque
due to the salient pole characteristics of WFSM. Consequently, the
efficiency of the WFSM is increased due to the mode change. Fi-
nally, the effect of the proposed method and the validity of the
simulation results are verified by the load test.

Index Terms—Dual stator winding, efficiency, induced voltage,
magnetic torque, reluctance torque, salient pole, wound field syn-
chronous machine (WFSM).

I. INTRODUCTION

R ECENTLY, electric motors are generally used in various
industrial fields. There are various types of motors for

industry applications, such as the induction motor (IM), syn-
chronous reluctance motor (SynRM), surface-mounted perma-
nent magnet synchronous motor (SPMSM), interior permanent
magnet synchronous motor (IPMSM), wound field synchronous
motor (WFSM), and so on. Among these, the rare-earth PM
motors are typically used as they have a relatively high power
density and can be applied to high-speed regions in the case of
the IPMSM [1]–[4]. Thus, the rare-earth PM motor is the most
commonly used motor at present [5]–[9]. However, rare-earth
permanent magnets (PMs) have an unstable price as well as high
cost. This has led to a variety of studies searching for alternative
motor types with the same performance as the rare-earth PM
motors but that do not require rare-earth PMs [10]. Among the
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rare-earth free motors, WFSM, which aside from not requir-
ing rare-earth magnets, is advantageous to use in high-speed
operations as it can effectively control the field current, apart
from the flux weakening control, thereby eventually broadening
the high-speed range and theoretically increasing the efficiency.
Therefore, WFSM has a higher degree of freedom (DOF) for
design and control methods than the other types of motors. In
addition, WFSM is able to use both magnetic torque and reluc-
tance torque through the vector control of the armature current.
And so, WFSM achieves relatively higher torque than the other
type of rare-earth free motors. Consequently, WFSM is used in
a variety of industrial fields, including high speed applications
such as traction and integrated starter and generator (ISG) of
electric vehicle / hybrid electric vehicle (EV/HEV), despite the
need for brush and slip-ring [11]–[13]. These are the reasons
that WFSM is selected as the subject of study in this study.

A few academic papers discuss the design or control
methods of WFSM to improve performance characteristics.
Reference [14] and [15] describes the design method of the
brushless WFSM to remove the brush and slip-ring which are
the shortcomings of the conventional WFSM. Reference [16]
discusses the optimum design method and control algorithm of
WFSM to maximize efficiency. Reference [17]–[19] present de-
sign methods to improved torque characteristics of WFSM. In
addition, reference [20] and [21] deal with control of WFSM
using a z-source inverter to increase efficiency of the motor.
Reference [22] discusses the control method of WFSM using
both load commutator inverter and voltage source inverter to
improve the controllability of the machine. However, the prior
researches do not propose the methods to improve the efficiency
as well as controllability at the same time. Furthermore, given
the improvement of the efficiency and the operating point of the
machine, the effectiveness of the proposed methods in the prior
researches are not very significant to improve the efficiency and
characteristics of WFSM.

In this paper, the background and characteristics of salient
pole WFSM according to the phase angle of the input armature
current are introduced, and the need for a new design method is
explained. Based on this, a method of designing a WFSM em-
ploying series/parallel switching circuit, called a hybrid circuit
(HC), WFSM is proposed. The method can improve the perfor-
mance of WFSM in terms of its efficiency, reducing the induced
voltage and d-axis current. First, the coil winding method that
should be considered when designing the HC WFSM, and the
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connection method of each winding, are presented. Second, a
simple switching circuit that makes it possible for the connec-
tions between the windings to be converted is also presented.
Third, the determination method of the optimum speed condi-
tion for the circuit switching is described. As a result, through
the proposed methods, the HC WFSM are designed. The char-
acteristics of the HC WFSM are analyzed through the nonlinear
finite-element method (FEM). Finally, the effectiveness and va-
lidity of the presented method are verified through experiments.

II. CHARACTERISTICS AND ISSUE OF WFSM

WFSM has basic differences and characteristics compared to
those of the permanent magnet synchronous machines (PMSMs)
such as IPMSM and SPMSM. They are the controllability of
the field flux by controlling the field current as well as the
saliency based on the d, q-axis inductance. These characteristics
of WFSM increase the degree of freedom (DOF) of the design
and affect the performance of the machine in terms of torque,
efficiency, induced voltage, and current phase angle. Therefore,
the torque and induced voltage characteristics of WFSM are
analyzed based on the basic equations. Furthermore, from the
analysis results, the necessity of the new design method for
WFSM to overcome the limitations and improve its performance
is described.

A. General Characteristics of WFSM

The greatest difference between WFSM and the PMSMs is the
controllability of the field flux. Field weakening on the PMSM
is possible by applying a negative d-axis armature current. But
as opposed to the PMSM, WFSM allows not only for applying
a negative d-axis current, but for flux weakening, which reduces
the field current (current to the pole winding) itself. While ap-
plying a negative d-axis current causes an increase of copper
loss, reducing the field current causes a decrease of copper loss.
Therefore, theoretically, a relatively efficient high speed oper-
ation is possible by applying the control method of reducing
the field current more proactively. Since the field current affects
the magnitude of the flux linkage, which in turn directly affects
the performance of the WFSM, such as induced voltage and out-
put torque, controlling the field current is crucial to operate the
WFSM efficiently. Thus, WFSM has a higher DOF for design
and control methods than PMSMs.

Another difference between WFSM and PMSM is the
saliency or saliency ratio. Saliency ratio is the inductance ra-
tio between the d- and q-axis. While both WFSM and IPMSM
are salient pole machines, the difference is that in WFSM, the
inductance on d-axis is greater than that on q-axis (Ld > Lq );
in IPMSM, on the other hand, the inductance on d-axis is smaller
than that on q-axis (Ld < Lq ). Such salient pole machines can
use both magnetic torque and reluctance torque. However, re-
luctance torque depends on not only the phase of the armature
current, but saliency ratio (Ld > Lq orLd < Lq ). Thus, the
characteristics of WFSM and IPMSM are different.

As shown in Fig. 1(a) and (b), WFSM can be controlled with
the 1st quadrant or 2nd quadrant operation based on the current
phase angle. To analyze the torque and voltage characteristics

Fig. 1. Vector diagram of WFSM. (a) 1st quadrant operation. (b) 2nd quadrant
operation.

of salient pole WFSM with Ld > Lq , thus, the current phase
angle for both 1st and 2nd quadrant operations should be con-
sidered. Fig. 1 presents the vector diagrams of WFSM according
to the current phase angle of the input armature current. is is
the armature current and β is the current phase angle. id and
iq , are d, q-axis armature current. Ld and Lq are d, q-axis in-
ductance, respectively. if and Lf are the field current and field
inductance. v is the input voltage and vo is the induced voltage.
R is phase resistance, ψa is the no-load flux linkage, and ω is
the rotational speed in the electrical angle. Iron loss is neglected
for the diagrams.

B. Torque and Induced Voltage of WFSM

The torque and induced voltage characteristics of WFSM ac-
cording to the current phase angle are examined based on the ba-
sic theory to understand the limitations of WFSM. Equation (1)
and (2) shown below are the torque equation and the induced
voltage equation of the armature circuit disregarding the phase
resistance. Iron loss is neglected for the equations as well.

T = Tm + Tr

= Pn

[
(Lf if ia cosβ) +

1
2

(Lq − Ld) i2a sin 2β
]

(1)

v0 = ω

√
(Ldid + Lf if )

2 + (Lq iq )
2 (2)

The first term in the torque formula above is magnetic torque
Tm , and the second term is reluctance torque Tr . Pn is number
of pole pair. Lf and if are inductance and input current of
rotor coil, respectively. ia is input current of stator, and β is
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TABLE I
TORQUE CHARACTERISTICS ACCORDING TO CURRENT PHASE

TABLE II
VOLTAGE CHARACTERISTICS ACCORDING TO CURRENT PHASE

the current phase angle. vo is the induced voltage, and ω is
the rotational speed in the electrical angle. id and iq , are d,
q-axis armature current. Ld and Lq are d, q-axis inductance,
respectively. The output torque of WFSM is generated by the
sum of two components. Based on the equations, the torque and
voltage characteristics of WFSM are analyzed in this paper.

Table I shows the relations between Tm and Tr when the
ideal WFSM is controlled in the 1st quadrant (−90° < β <
0°) and the 2nd quadrant (0° < β < 90°), for the analysis of
the torque and voltage characteristics according to the phase
of the armature current. As shown in Table I, when WFSM is
controlled in the 1st quadrant, the signs of the magnetic and
reluctance torques are equal. When WFSM is controlled in the
2nd quadrant, however, the signs of the magnetic and reluctance
torques are different. Therefore, total output torque which is
sum of the magnetic and reluctance torques is decreased.

Table II shows the d-axis flux and induced voltage character-
istics when WFSM is controlled in the 1st quadrant (−90° <β
<0°) and the 2nd quadrant (0°<β < 90°). As shown in Table II,
when WFSM is controlled in the 1st quadrant, the signs of the
d-axis flux by the armature current and the d-axis flux by the
field current are equal, and as such, the induced voltage becomes
very high. When WFSM is controlled in the 2nd quadrant, how-
ever, the signs of the two fluxes become opposite from each
other, and the induced voltage is offset and becomes smaller.

The higher the speed of a motor is, the greater the induced
voltage, which in turn causes voltage saturation. Accordingly,
the induced voltage should be reduced so as to extend the driv-
ing speed of the motor, and as shown in Table II, driving in the
2nd quadrant is required. As shown in Table I, however, when
WFSM drives in the 2nd quadrant, the signs of the magnetic and
reluctance torques become opposite from each other, and the to-
tal torque is reduced. Consequently, the input field and armature
currents increases to achieve the targeted torque and power,
which in turn increases the voltage. These are the fundamental
characteristics of the torque of WFSM. When driving at high

Fig. 2. The schematic diagram of the armature windings for the proposed
method.

speed, the input current and induced voltage increase to achieve
target torque and power, which deteriorates the controllability
of the motor, and the efficiency declines.

III. PROPOSED METHOD: HYBRID CIRCUIT (HC) WFSM

In this paper, the design method for WFSM using a se-
ries/parallel switching circuit of armature windings is proposed
from the engineering perspective to overcome the weakness
of WFSM as described in Section II-B. Through the proposed
method, the series turn per phase, inductance, and phase resis-
tance can be changed at a certain speed range. As a result, the
induced voltage and d-axis current can be reduced as well as im-
proving the efficiency of the machine. In addition, in this paper,
the determination method of the optimum speed for the circuit
switching is proposed to maximize the efficiency of WFSM.

A. Design of HC WFSM

The windings of each phase are divided into winding 1 and
winding 2, and both windings are wound on the same teeth of
a stator as dual winding. Winding 1 consists of U, V, and W.
Winding 2 consists of X, Y, and Z in this paper. The schematic di-
agram of the stator for the three-phase HC WFSM and switching
table for each mode are shown in Fig. 2 and Table III, respec-
tively. The motor and the inverter are connected to the switching
circuit, and the on/off control of the switch changes the wind-
ing circuit. As shown in Fig. 2, the required number of on/off
switching elements for using both series and parallel modes is
three. These are the minimum numbers of the required elements
because the additional safety circuits or additional algorithm
considering any sudden variation of the voltage and current in
transient state during mode change are neglected in this paper.
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TABLE III
SWITCHING TABLE OF HC WFSM

Fig. 3. Hybrid circuit; Series mode to parallel mode.

As a simple method of the control for the mode change, the
input power of the inverter can be temporarily turned off when
changing the mode at a specific condition, and the power is
turned on after changing the winding circuit with the switching.
Indeed, the power on/off and switching should be performed
as fast as possible. If the inverter is switched off and on in
a very short time by the control algorithm or simple safety
circuit, this method is a relatively easy solution. On the other
hand, a sudden change of the circuit during the operation (with
the inverter continuously switched on) will cause a huge surge
in the voltage or current. Therefore, mode change during the
operation is possible with the additional protection circuit or
control algorithm in order to protect the controller and inverter
from a surge in voltage or current.

The connections of the windings are converted to series and
parallel modes through a change in the circuits using switches.
Fig. 3 presents the schematic diagrams of the one phase for
series and parallel modes. Each phase consists of two parts of
windings such as U&X, V&Y, and W&Z, respectively. Thus,
when the series mode is changed to the parallel mode, the series
turn number per phase becomes 1/2, and the armature phase
resistance becomes 1/4. Consequently, the induced voltage and
current phase angle are decreased. Thus, the d-axis input cur-
rent can be decreased. In addition, the input field current to
achieve the required torque can be reduced for WFSM due to
the decrease of the negative reluctance torque As a result, it
is expected that the efficiency of the motor is increased, even
though the q-axis input current is increased to fulfill the required
torque.

Fig. 4. Determination process for the mode change.

Through the proposed method, the series turn number per
phase of the motor can be changed appropriately according to
the operating speeds. The motor is operated at a low/middle
speed as the series turn per phase is N. On the other hand,
the motor can be operated as the series turn per phase is N/2
after changing the winding connection at a certain speed. In this
paper, such a motor/controller system is called a “hybrid circuit
(HC) machine.”

B. Determination of Speed for Mode Change

The series mode can be changed to a parallel mode at a cer-
tain speed to achieve the reasonable torque proportion as well
as increasing the efficiency of WFSM. These are the main ef-
fects of the HC method. These are the results from not only
a decrease of the current phase angle which is related to the
controllability, but also a decrease of the armature resistance.
When the mode is changed, the induced voltage, field current,
d-axis armature current, and phase resistance are decreased.
However, q-axis armature current is increased to fulfill the re-
quired torque due to the decrease of flux linkage. Therefore, the
output torque, input current, and efficiency are considered to
determine the optimum speed for mode change. Fig. 4 presents
the determination process of the mode change speed consider-
ing the required performance and efficiency. Conclusively, the
speed for mode change can be determined when HC WFSM is
fulfilling the following conditions simultaneously: the required
torque is achieved, the input current does not exceed the current
limit, and the efficiency is increased comparing to that of the
series mode.

IV. CHARACTERISTICS OF HC WFSM

The analysis model is proposed and applied to the HC method.
The configuration and specifications of the model are shown in
Fig. 5 and Table IV, respectively. The effect of the HC method
on the performance of the motor is simulated and verified herein
by analyzing the efficiency as well as the performance curve of



1982 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 33, NO. 4, DECEMBER 2018

Fig. 5. Configuration of the analysis model.

TABLE IV
SPECIFICATIONS OF HC WFSM

the torque, speed, and current of the proposed model by means
of nonlinear FEM. To analyze the electromagnetic field, this
study used E.M.F (version 2.2), a program that our laboratory
developed. This software, similar to MAXWELL or JMAG in
its functionality, is currently being used by many companies in
South Korea.

To derive the most accurate simulation result, all potential
losses were considered. Not only the copper loss in the wind-
ings of the stator and rotor of the WFSM, but the resistance of
the wire connected from the inverter to the motor were mea-
sured and considered to the simulation. For the core loss, the
loss test results of the core material, which was actually used
in the production, was used in conducting the FEM. The flux
density of each element was derived from the nonlinear analysis
results, and the losses based on the flux density and frequency
at each element were obtained from the material test results for
the calculation [9]. Additionally, after connecting the motor to
the dynamo set, the mechanical loss in the test motor was con-
sidered to the simulation through the mechanical loss test, in
other words, the no-load test.

A. Characteristics Curve

The motor performance, such as the torque, speed, and cur-
rent, according to each mode is analyzed through the WFSM
theory and the maximum efficiency control method [16].

Mechanical loss is obtained by the no-load test and the result
is considered to simulate the characteristics and performance of
WFSM.

As has been mentioned in Section II-B, for WFSM to reduce
the induced voltage at high speed, it performs flux weakening
control that lowers the field current. But, lowering the field cur-
rent causes the reduction of the flux linkage. Thus, to achieve the
target torque, the input armature current must be increased, at
which, the target torque may not be achieved in some occasions
due to the limitation of the armature current. Consequently, the
WFSM in the maximum efficiency control decreases the field
current slightly and performs the 2nd quadrant operation that
applies a negative current on d-axis. However, as opposed to
IPMSM, the WFSM in the 2nd quadrant operation generates a
negative reluctance torque, which is in opposite direction to the
magnetic torque. The WFSM withLd > Lq in the 2nd quadrant
operation cannot generate a positive reluctance torque. Instead,
the method proposed by this paper is to acquire the margin of
the induced voltage by changing the connection of the armature
winding at high speed and to make the negative reluctance torque
almost zero by minimizing the magnitude of the current on
d-axis. As a result, the reduction of the negative reluctance
torque results not only in the input armature current for achiev-
ing the target torque, but in the reduction of the field current,
which, as a consequence, leads to the very efficient high speed
operation. Since the reluctance torque of the WFSM in the
2nd quadrant operation is in opposite direction of the magnetic
torque, it is best to lower its magnitude down to 0 or operate in
the 1st quadrant operation to achieve the required torque.

Fig. 6(a) shows the characteristic curve when the proposed
WFSM is controlled with the maximum efficiency algorithm. In
Fig. 6, [Arms] in the left y-axis is root mean square value of the
input current, and ‘Arm. Current’ of the purple line with the star
symbol means armature current. The series turn per phase of
the proposed motor was originally designed as 48. Thus, it can
be considered a series mode because the series turn per phase is
48 by the series connection between winding 1 and winding 2.
Fig. 6(b) shows the variations in characteristics when the mode
is changed. It shows the characteristic curve when the series
mode is changed to the parallel mode. In such a case, the mode
is changed at 4000 rpm, and thus, the armature current supplied
to the motor does not exceed 60 Arms, which is the limitation
of input current. As a result, the line to line induced voltage is
decreased by 23.95 V at maximum by the mode change. The
current phase angle of the armature current is decreased from
59.76 degrees to−2.45 degrees at maximum. This results shows
that the current phase of the WFSM is changed from the 2nd
quadrant to the 1st quadrant by the HC method. The field current
is also reduced from 2.49 A to 1.56 A at maximum.

The examination of the results of the mode change revealed
that the current phase angle is reduced, and the field current
also decreases, which is caused by the reduction of the induced
voltage by the mode change. Therefore, the required magnetic
torque can be decreased fulfilling the demand torque by reducing
the negative reluctance torque as shown in Fig. 7. It seems
that the reductions of the phase angle of the armature current
and the d-axis current as well as armature phase resistance lead
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Fig. 6. Characteristic curves of the analysis model. (a) Originally designed
WFSM; Series mode. (b) WFSM applied HC method; Series mode to parallel
mode.

Fig. 7. Proportions of the output torque according to each mode.

to motor efficiency improvement even though the q-axis current
is increased as shown in Fig. 8.

B. Efficiency Map

The proposed design method for WFSM consequently leads
to the improvement of the efficiency of the machine. Therefore,
an efficiency map of the proposed WFSM should be examined.
Efficiency η of the WFSM is calculated by (3) as shown below.

η =
Pout

Pin
=

Tω

Tω + PTotal loss
(3)

where T is the output torque and ω is rotational speed. Pout and
Pin are output power and input power, respectively. PT otal loss
is the sum of the motor losses such as armature copper loss, field

Fig. 8. Proportions of the armature current according to each mode.

Fig. 9. Efficiency map of conventional WFSM (series mode).

copper loss, core loss, and mechanical loss. When simulating
the motor efficiency by using (3), copper loss and iron loss
were estimated through the analytical method and nonlinear
FEM, respectively. The mechanical loss was measured with a
test by using a prototype, the result of which was considered in
the equation. The mechanical loss was calculated by measuring
the speed and torque when the test motor (prototype) is driven
by the load motor under the no-load conditions. Fig. 9 shows
the result of the maximum efficiency control when the motor
proposed in this paper is in series mode. Fig. 10 shows the
efficiency when the motor is changed to the parallel mode from
4000 rpm. Compared to the efficiency of the series mode in the
high speed region, the efficiency of the parallel mode improved
by up to 12%. This is because not only does the magnitude of the
field current and d-axis current input for field weakening or flux
weakening decrease, but also the magnitude of the armature coil
resistance, thereby resulting in a huge reduction of the copper
loss as shown in Fig. 11(a) and (b). This causes an increase in
efficiency after the mode change at 4000 rpm. The data shown
in the figures present the copper losses under the conditions of
the maximum power at 4500 rpm and 7000 rpm, respectively.
As for the iron loss, the level or area of the partially magnetic
saturation are varied nonlinearly depending on the specifications
of the model including its shape, material and the load conditions
(magnitude and phase angle of the armature current). In fact,
the simulation in which the proposed method was applied to
various types of motors showed that the iron loss of some models
increases, while the iron loss of the others decreases. However,
we identified a considerable decrease in copper loss of all models
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Fig. 10. Efficiency map of HC WFSM and efficiency difference between the
modes.

Fig. 11. Comparison of copper loss map. (a) Armature copper loss (left:
conventional WFSM, right: HC WFSM). (b) Field copper loss (left: conventional
WFSM, right: HC WFSM).

that were analyzed. Since the magnitude or the decrease ratio
of copper loss is considerably larger than that of the iron loss,
the efficiency of analyzed models ended up being improved
considerably. The model applied in this study showed some
increase of iron loss depending on the mode change as shown
in Fig. 12. The data shown in the figures present the iron losses
under the conditions of the maximum power at 4500 rpm and
7000 rpm, respectively. However, in the WFSM proposed in the

Fig. 12. Comparison of iron loss map (left: conventional WFSM, right: HC
WFSM).

Fig. 13. Connections of the HC WFSM.

study, the overall efficiency was largely affected by the decrease
in copper loss and it has remarkably improved.

V. EXPERIMENTAL VERIFICATIONS

A load test is conducted to verify the characteristics of the test
motor and effectiveness of the proposed method. In this study,
the load test for each mode is conducted independently. When
producing WFSM for this study, we made sure that each line of
X, Y, Z, U, V, and W is not connected inside the motor housing,
but the ends of these lines are out from the motor housing. Then,
these lines are connected to the terminal block, through which
all lines are connected outside the motor as shown in Fig. 13. In
the actual experiment for the mode change, the motor operated
in a series mode for up to 4000 rpm, and after stopping the
motor, the mode was changed to the parallel mode by directly
changing the connection manually between the X, Y, Z, U, V,
and W on the terminal block. After changing the connection,
we ran the test in parallel mode at the speed over 4000 rpm. In
other words, the mode change, that is, the circuit change, was
not made through commands of the controller or automatically,
but made manually in this study.

The load test requires a driver, controller, dynamometer,
power analyzer, oscilloscope, etc. The actual set-up for the test
is shown in Fig. 14. For the test, the test motor is operated by
the torque control and the load motor is operated by the speed
control. The magnitude and phase angle of the current estimated
by the simulation in Fig. 6 were applied as the reference values
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Fig. 14. Set-up for the load test.

of the controller. Actual input voltage and current are measured
by using voltage and current probes, and input power is calcu-
lated through the power analyzer. Output power is calculated by
measuring the torque and rotational speed. In order to compare
the characteristics obtained from the simulation and experiment
results, we try to maintain a 40 °C operating temperature during
the load test, because copper temperature affects loss, which
affects efficiency of the machine. The test was conducted while
the motor was water-cooled with a chiller, observing the tem-
perature with a temperature sensor installed on the coil. When it
went below 40 °C, the data were measured after increasing the
coil temperature to 40 °C by running the motor continuously.
On the other hand, if the coil temperature exceeded 40 °C, the
motor was temporarily suspended or ran at low input current to
reduce the temperature to 40 °C and the data were measured.
As a result, the study was able to measure the data at 40 °C in
all operation points, and a large amount of time was spent on
conducting the test at the exact temperature condition.

A. Characteristic Curve

The induced voltage is important because it affects the oper-
ating point of the salient pole WFSM. If the induced voltage is
not saturated, WFSM can be operated at the 1st quadrant in d,
q-axis. As a result, WFSM can be operated efficiently as de-
scribed in Section II. Fig. 15 presents the line to line induced
voltage waveform under the maximum load condition at 4500
rpm right after the mode change. It is very difficult to directly
measure the induced voltage during the load test. In this study,
the pulse width modulation (PWM) voltage, which was used
each for the series mode and parallel mode under the same
torque and speed conditions, was measured experimentally in
order to compare, even indirectly, the magnitude of the induced
voltage under the load condition at each mode. In addition, after
conducting the analysis of the harmonics of the measured PWM
waveforms by using the Fourier transform, the induced voltage
waveforms under the load condition were obtained and com-
pared by adding waveforms from the fundamental component
to the 50th harmonic components. It is generally correct that the
magnitude of the induced voltage generated by the field flux is

Fig. 15. Line to line induced voltage obtained from the load test.

related to the series turn number, with two times the difference.
However, the field flux should be constant under a no-load con-
dition, thus indicating that the armature input current should be
0. Fig. 15 shows the induced voltage waveform under load con-
dition (armature current is applied in flux weakening region), at
which the magnitude and phase of the armature current in the
series mode are very different from those in the parallel mode.
Moreover, the magnitude of the field flux is different at each
mode because the magnitude of the field current at each mode is
also different. Therefore, the voltage waveform under the load
condition induced by the combined flux waveform of the field
flux and the armature flux may show a phase that differs by each
mode, and the difference in magnitude may not exactly be two
times. As a result, it was found that when the motor operated
in parallel mode, the magnitude of the line to line induced volt-
age showed greater reduction compared with the case in which
the motor operated in series mode as expected. It was verified
that the magnitude of the line to line induced voltage decreased
due to the mode changes by the proposed method. Therefore, it
infers that the reduction of the induced voltage leading to the
1st quadrant operation of WFSM, and this demonstrates that
the machine operated efficiently by optimum controlling of the
armature and field currents. The characteristic curve of the HC
WFSM is shown in Fig. 16 as the test results. In Fig. 16, [Arms]
in the left y-axis is root mean square value of the input cur-
rent, and ‘Arm. Current’ of the purple line with the star symbol
means armature current. Fig. 16 shows the actual current, volt-
age, and torque measured. The errors may not be notable, so that
Figs. 6(b) and 16 may not look different. Due to the tendency in
which the change in parameters is similar to each other, it would
not be easy to compare the two figures. However, they are two
different graphs, wherein the former shows the simulation re-
sults, and the latter shows the experimental results. Especially,
the comparison of the values on the voltage line (the green line
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Fig. 16. Characteristic curve of the HC WFSM.

Fig. 17. Efficiency map of the HC WFSM as the test result.

with triangle symbols) shows that while the tendency is very
similar, these values are somewhat different. For example, line
to line induced voltages as the simulation results at 4500 rpm
and 7000 rpm in Fig. 6(b) are 53.3 V and 73.7 V, respectively.
However, the induced voltages as the test results at 4500 rpm
and 7000 rpm in Fig. 16 are 55.8 V and 76.2 V, respectively.
Consequently, it is concluded that the estimated characteristics
of the test motor as presented in Section IV-A are almost the
same as those of the test result.

B. Efficiency Map

Fig. 17 presents the efficiency maps of the HC WFSM as
per the test results. The output power was divided by the input
power to evaluate the efficiency. At this point, the output power
was calculated by measuring the output torque and speed, and
the input power was derived by measuring the input voltage
and current, and the power factor. The mode of the motor is

Fig. 18. Error of efficiency between simulation and test results.

changed from the series mode to parallel mode at 4000 rpm.
The efficiency error of the HC WFSM between the simulation
and experiment results is shown in Fig. 18. The average of the
absolute value of the error is just 1.10%. The maximum error
between the simulation and experiment results is about±1.88%.
Given such results, the validity of the simulation results shown in
Fig. 10 is verified. Therefore, it is concluded that the efficiency
of the HC WFSM at middle and high speed region is largely
improved through the proposed method.

For the HC system, it is expected that there are additional
losses at the switching circuit for the mode change. However,
from the perspective of the motor/inverter system, the copper
loss at the motor is more dominant than the additional switching
loss at the switching circuit. Furthermore, the switch added in
this study operates only when there is a mode change. Since the
effect of the copper loss reduction at the motor is considerably
larger than that of the additional loss at the switch, the proposed
system can be more advantageous in terms of efficiency. In ad-
dition to improving the efficiency of the machine, the method
proposed reduces the phase angle of the input armature cur-
rent, making it easier to control high speed operation in flux
weakening region.

VI. CONCLUSION AND FURTHER WORK

In this paper, the limitation of WFSM which can be oper-
ated in the 1st quadrant as well as the 2nd quadrant through the
current vector control is analyzed. To overcome the weakness,
a design method adopting a dual winding and series/parallel
switching method is proposed. Through the proposed method,
WFSM can be operated as series and parallel modes. Each mode
refers to the connection between winding1 and winding2 of the
dual stator winding. By applying the method to the proposed
WFSM, it can be operated as a series mode until 4000 rpm and
as a parallel mode after 4000 rpm. As the results show, line
to line induced voltage is decreased by 23.95 V at maximum
by the mode change. The current phase angle of the armature
current is decreased from 59.76 degrees to −2.45 degrees at
maximum. It shows that the input current phase is changed
from the 2nd quadrant to the 1st quadrant region by the mode
change. In addition, the field current is also reduced from 2.49A
to 1.56A at maximum. Consequently, the speed range operated
in the 1st quadrant is greatly extended, and the efficiency of
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the motor is increased by 12% at maximum. Finally, the effect
of the proposed method and reliability of the simulation results
are verified by the load test. However, in this paper, the cost
and switching loss by adding the switch to the control system
is not discussed. In addition, the control method for the auto-
matic mode change and the safety circuit considering sudden
variations of the circuit parameters during the operation are not
presented. Therefore, in the future, the controller system for
HC WFSM will be researched based on the effectiveness of the
proposed method and system.
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