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Three-Phase Inverter Fed Adjustable Field
IPMSM Drive Utilizing Zero-Sequence Current

Kiyohiro Iwama , Student Member, IEEE, and Toshihiko Noguchi , Senior Member, IEEE

Abstract—This article proposes a three-phase four-wire
inverter drive system for an adjustable field interior perma-
nent magnet synchronous motor utilizing magnetic satura-
tion. The magnetic saturation is regarded as a phenomenon
of a decrease in permeability depending on an extra mag-
netic field. In the proposed motor, the number of flux link-
age can be controlled by modulating the permeability of
magnetic leakage paths in the rotor. However, the proposed
adjustable field method requires an additional magnetomo-
tive force (m.m.f.) to control the permeability. Therefore, a
zero-sequence current iz fed by the three-phase four-wire
inverter is utilized as the additional m.m.f. source. Thereby,
the field control can be achieved with a simple three-phase
inverter without sacrificing the number of switching de-
vices compared with conventional motor drives. In the
article, the control algorithm of the three-phase four-wire
inverter is discussed, and its usefulness is verified by com-
paring the proposed drive system with other methods or
systems.

Index Terms—Adjustable field, magnetic saturation,
three-phase four-wire inverter, zero-sequence current.

I. INTRODUCTION

DRIVING range of a permanent magnet synchronous motor
(PMSM) is limited due to a constant PM flux. Convention-

ally, a field weakening control has been used [1]–[5]. However,
the copper loss caused by a negative d-axis current id for the field
weakening control becomes significant as demand for higher
speed increases.

Therefore, adjustable field PMSMs have intensively been
researched [6]–[13]. In [6] and [7], a consequent pole type
adjustable field PMSM is proposed. The adjustable field PMSM
can control the magnetic field using a static magnetic field
generated by a dc field current fed by a dc–dc converter.
Another adjustable field IPMSM introduced in [8]–[10] can
realize an expansive driving range, including both high-speed
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low-torque and low-speed high-torque, using de- and remagne-
tization of the PM. There is another adjustable field method
utilizing motor harmonics, such as space and time harmon-
ics. The adjustable field method described in [11] utilizes
the space harmonics as magnetic field energy by using spe-
cial windings and rectifier circuits in the rotor. Another ad-
justable field method switches over the winding configurations
as reported in [12]. The adjustable field method can change
the number of flux linkage discretely by switching over the
winding configurations such as a three-phase or a six-phase
drive.

However, the drive systems of the conventional adjustable
field PMSMs require additional circuits and tend to be bulky
in size. Iwama and Noguchi [13] investigated an adjustable
field method focusing on a magnetic saturation phenomenon.
A prototype motor with the proposed adjustable field method
has a wide controllable range of the magnetic field, but the
additional current (modulation current im) is needed for the
magnetic field control. Therefore, this article proposes a drive
system to achieve magnetic field control without additional
circuits and switching devices. The proposed drive is based
on a three-phase four-wire inverter, and in addition to id
and iq, a 0-axis current i0 for the adjustable field can be
controlled.

Fig. 1 shows the research position. The proposed drive
system using the three-phase four-wire inverter is introduced
while comparing it with conventional adjustable field PMSM
drive systems in Section III. In addition, the losses caused
by the proposed adjustable field method with the trapezoidal
wave i0 are compared with the losses generated by the field
weakening control in Section IV-A. Moreover, the proposed
drive system is compared with drive systems using an ad-
ditional dc power supply or single-phase inverter in terms
of the system volume and the operation characteristics in
Section VI. The following advantages of the proposed ad-
justable field method and system are revealed through these
comparisons:

1) The magnetic field can be controlled with a smaller
number of switching devices and wirings than the con-
ventional adjustable field PMSM drive systems.

2) A high-speed operation can be achieved with less current
norm, voltage harmonics, and iron loss than field weak-
ening control.

3) The same torque as when the trapezoidal wave im is
supplied from the additional single-phase inverter can be
delivered, even though the additional circuit is not used.
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Fig. 1. Research position of proposed adjustable field method and drive system.

Fig. 2. Configuration of prototype motor.

TABLE I
SPECIFICATIONS OF PROTOTYPE MOTOR

II. ESSENTIAL CHARACTERISTICS OF PROTOTYPE MOTOR

A. Specifications of Prototype Motor

As described previously, the proposed adjustable field method
utilizes magnetic saturation. The modulation flux to control
magnetic saturation (permeability) in the rotor iron core and the
resultant magnetic field is generated by the modulation current
im. Figs. 2, 3, and Table I show a development view, photographs,
and specifications of the prototype motor, respectively. As shown
in Figs. 2 and 3, the stator core and the rotor core are split
into two parts, and the modulation winding is inserted between
the split two stator cores. The stator frame and the rotor shaft
of the prototype motor are made of magnetic materials such
as SS400 and SUS403. Therefore, the modulation flux can
penetrate the stator frame and the rotor shaft. In this article,
the zero-sequence current iz is utilized as the im. In this case,
the iz flows into three-phase armature windings, and the copper
loss of the armature windings can increase due to the iz. To

Fig. 3. Photographs of prototype motor. (a) Stator. (b) Rotor core.
(c) Rotor.

Fig. 4. Modulation flux with im of 5 Adc. (a) 3-D magnetic path for
modulation flux. (b) Radial modulation flux in rotor.

reduce the copper loss, the number of modulation winding turns
is set to 140 turns, which is much larger than the number of
armature winding turns. The design makes it possible to obtain
appropriate m.m.f. with low iz and reduce the current flowing
through the armature winding.

Fig. 4 shows a vector plot of the modulation flux analyzed by
JMAG-Designer ver. 20.1. It can be confirmed from Fig. 4 that
the modulation flux penetrates in the radial direction in the rotor
utilizing the three-dimensional magnetic path composed of the
rotor shaft and the stator frame. Fig. 5 shows the magnetic flux
density distribution in the air gap of one pair of the rotor and
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Fig. 5. Gap magnetic flux density. (a) Waveforms. (b) FFT results.

Fig. 6. Photograph of motor test rig.

Fig. 7. Experimental results of no-load e.m.f. with im of 0 Adc or
5.4 Adc. (a) Waveforms. (b) FFT results.

the stator cores. The air gap of the other pair has inversely the
same magnetic flux density distribution as the first pair, as shown
in Fig. 5. The fundamental component of the air gap magnetic
flux density distribution can be adjusted by the im. In addition,
the amount of the fundamental component is not affected by
the im polarity. The radial modulation flux strengthens one PM
pole (e.g., N-pole) and weakens the other PM pole (e.g., S-pole).
Therefore, even-order harmonic components are generated in the
air gap magnetic flux density distribution. However, the phase
difference between the even-order components of the two air
gap magnetic flux densities is 180°. Therefore, these harmonics
are canceled with each other and do not affect the e.m.f. and the
output.

B. No-Load Characteristic

Fig. 6 shows the photograph of motor test rig. The rotating
speed is controlled by the load motor. Fig. 7 shows experimental
results of the no-load e.m.f. at the rotating speed N of 1000 r/min
when the im of 0 Adc or 5.4 Adc is given to the modulation
winding. As shown in the figure, the fundamental component of

Fig. 8. Relationship between modulation current and magnetic field.

the no-load e.m.f. increases from 8.78 Vamp to 13.5 Vamp by
supplying the im of 5.4 Adc. In addition, harmonics other than
the third order are negligibly small. Fig. 8 shows a relationship
between the im and the magnetic field Ψa1 and Ψa3, where the
Ψa1 and the Ψa3 are obtained by converting the fundamental
and the third order components of the no-load interlinkage flux
from the three-phase reference frame to the 0dq reference frame,
respectively. As shown in Fig. 8, the Ψa1 and the Ψa3 do not
depend on the im polarity and can be controlled by the absolute
value of the im. The Ψa1 and the Ψa3 can be approximated with
polynomials of the im as follows:

Ψa1 (im) = − 1.15× 10−3|im|4

+ 0.52|im|2 + 25.1 (mWb) and (1)

Ψa3 (im) = − 9.45× 10−5|im|4

+ 2.71× 10−2|im|2 + 1.27 (mWb). (2)

III. DRIVE SYSTEMS FOR ADJUSTABLE FIELD PMSM

A. Conventional Adjustable Field PMSM Drive Systems

Fig. 9 shows the adjustable field PMSM drives proposed so
far. The drive system shown in Fig. 9(a) is based on an adjustable
field method controlling the air gap magnetic flux density of a
consequent pole PM motor [6], [7]. The drive system uses a
dc–dc converter to supply the dc field current. Therefore, addi-
tional switching devices are required for the dc–dc converter, and
the power losses consumed in the dc–dc converter deteriorate
the whole system efficiency [14]–[16]. Fig. 9(b) shows another
drive system for an adjustable field IPMSM utilizing de- and
remagnetization of the PM mounted on the rotor [8]–[10]. In
this method, the power electronics tend to be significant because
the inverter needs to supply a high current of more than three
times the motor-rated current for the de- and remagnetization
of the PM. Fig. 9(c) shows another adjustable field PMSM
drive utilizing the motor space harmonics [8]. The adjustable
field method utilizes the space harmonics as a magnetic field
energy source by rectifying the harmonics in the rotor. The
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Fig. 9. Conventional adjustable field PMSM drives. (a) Method using
dc–dc converter. (b) Method using de- and remagnetization of PM.
(c) Method using space and/or time harmonics. (d) Method switching
winding configurations.

Fig. 10. Proposed adjustable field IPMSM drive.

rectifier circuit’s switching and conduction losses degrade sys-
tem efficiency [17]. Furthermore, this adjustable field method
cannot control the magnetic field actively because the amount
of the magnetic field passively depends on the rotating speed,
according to Faraday’s law. Fig. 9(d) shows an adjustable field
IPMSM drive, which switches over the winding configurations
[12]. The adjustable field system has six windings per pole pair
and uses a single-phase inverter for each winding. In addition,
bidirectional switching devices are indispensable for the con-
nection and disconnection of the winding network. Therefore,
the drive circuit must have excessively many switching devices,
and the efficiency of the whole system tends to be worse than
that of a conventional PMSM drive [18]–[21].

As described previously, the conventional adjustable field
PMSM drives tend to be bulkier and more complicated than
a typical PMSM drive.

B. Proposed Adjustable Field IPMSM Drive Systems

Fig. 10 shows a proposed adjustable field IPMSM drive utiliz-
ing magnetic saturation. The midpoint of the dc-bus is made by
dividing the dc-bus voltage Vdc using the two series smoothing
capacitors, and the modulation winding is connected between
the midpoint of the Vdc and the motor neutral point. In this
way, the electrical current path for the zero-sequence current iz
is made. The component iz is evenly superimposed on the line

currents iu, iv, and iw as

iuvw =

⎡
⎣ iu
iv
iu

⎤
⎦ =

⎡
⎣ iu

′ + iz/3
iv

′ + iz/3
iu

′ + iz/3

⎤
⎦ (3)

where iuvw is an armature current vector on the three-phase
reference frame, and iu′, iv′, and iw′ are the three-phase balanced
components of the line currents. In addition, the iz is an in-phase
component of the line currents on the three-phase reference
frame. The conversion matrix C to convert from the three-phase
reference frame to the 0dq reference frame is expressed as

C =

√
2

3

⎡
⎣ 1

/√
2 1

/√
2 1

/√
2

cos θ cos (θ − 2π/3) cos (θ + 2π/3)
− sin θ − sin (θ − 2π/3) − sin (θ + 2π/3)

⎤
⎦

(4)
where θ is a spatial electrical angle. By using the C, the iuvw
can be converted as where i0dq is a current vector on the 0dq
reference frame. It can be seen from (5) shown at the bottom of
the next page, that the in-phase component iz does not interfere
with the id and the iq, and the three-phase balanced components
iu′, iv′, and iw′ can be controlled without the influence of the
i0. Therefore, the i0 can be used as the additional m.m.f. source
for the field control independently of the conventional id and iq
control. When the i0 is used as the im, the relationship between
the i0 and the im is expressed as

i0 = iz

/√
3 = im

/√
3. (6)

The voltage equation of the prototype motor is expressed
as, (7) shown at the bottom of the next page, where vuvw is
a voltage vector on the three-phase reference frame, Ra is an
armature winding resistance, p is a differential operator, Luvw

is an inductance matrix on the three-phase reference frame,
Ψuvw is an interlinkage flux vector on the three-phase reference
frame, vz is a voltage at the motor neutral point, vu, vv, and
vw are phase voltages, Lu, Lv, and Lw are self-inductances
of the three-phase windings, Muv, Mvw, and Mwu are mutual
inductances among the three-phase windings, Ψf1(im) is the
amplitude of the fundamental component of the no-load flux
linkage, Ψf3(im) is the amplitude of the third-order component
of the no-load flux linkage, ω is an electrical angular speed, Rz

is a modulation winding resistance, and Lz is an inductance of
the modulation winding [22]. By using the C, the vuvw can be
converted as

v0dq = Cvuvw⎡
⎣ v0
vd
vq

⎤
⎦ =

⎡
⎣Ra + 3Rz + p3Lz 0 0

0 Ra + pLd −ωLq

0 ωLd Ra + pLq

⎤
⎦
⎡
⎣ i0
id
iq

⎤
⎦

+

⎡
⎣−3ωΨa3 (im) sin 3ωt

0
ωΨa1 (im)

⎤
⎦ (8)

where v0dq is a voltage vector on the 0dq reference frame, v0, vd,
and vq are the voltages on the 0dq reference frame, and Ld and
Lq are the inductance on the 0dq reference frame. As described
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previously, Ψa1(im) and Ψa3(im) can be expressed as (1) and
(2), respectively.

It can be seen from (8) that the i0 can be controlled using the
v0, which is a common-mode voltage. It means that the magnetic
field can also be adjusted actively and continuously by the i0.
However, the dc i0 can not apply due to the voltage imbalance
of the smoothing capacitors. Hence, the trapezoidal wave i0
is used in this article. The influence of the Lz on the voltage
utilization can be suppressed by setting the i0 frequency low. In
addition, when the low-frequency trapezoidal wave i0 is used,
the v0 is mainly determined by the resistance Ra + 3Rz and the
i0 regardless of the rotating speed. In this article, the maximum
v0 due to the resistance component is 19.2 V. Therefore, the v0
has little effect on the voltage utilization rate because the v0 is
sufficiently smaller than the maximum voltage norm of around
171 V that PWM inverter with the Vdc of 280 V can supply.

Unlike conventional adjustable field PMSM drive, the switch-
ing loss of inverter switch devices is almost the same as the
standard PMSM drive because the switching device counts and
the switching frequency are the same. In addition, copper loss
and volume can be reduced since the proposed drive system has
fewer wires than the conventional adjustable field PMSM drive
system shown in Fig. 9(a) and (b).

As described previously, in addition to the id and the iq, the
proposed drive can control the i0, and the i0 can be used for the
magnetic field control. Besides, the switching loss and the drive
system volume are not sacrificed.

IV. ZERO-SEQUENCE CURRENT FOR FIELD CONTROL

A. Switching Time of Trapezoidal Wave Zero-Sequence
Current

As described previously, the proposed drive system can not
supply the dc i0, and the trapezoidal wave i0 is used for the
magnetic field control. When the trapezoidal wave i0 is supplied,
iron loss occurs. Most of the iron loss occurs when the polarity of

Fig. 11. Relationship between switching time of 0-axis current polarity
and operation characteristics of magnetic field control.

the i0 changes because the frequency is very low. Therefore, in
this section, the proper i0 polarity switching time is determined
based on the analysis results of the iron loss.

Fig. 11 shows the analysis results of the iron loss when the
switching time tr is changed from 10 ms to 40 ms. The period of
the trapezoidal wave i0 is unified to 300 ms. In this article, only
the eddy current loss is calculated as the iron loss because there
is no data about the hysteresis loop of the magnetic material
SUS403 and SS400 and the PM S42SH in JMAG- designer. As
shown in Fig. 11, the 0-axis voltage v0 increases instantaneously
when the tr is shorter. The v0 surge causes temporary overmodu-
lation. Therefore, a long tr is necessary to avoid overmodulation.

i0dq = Ciuvw⎡
⎣ i0
id
iq

⎤
⎦ =

√
2
3

⎡
⎣ iz

/√
2

iu
′ cos θ + iv

′ cos (θ − 2π/3) + iw
′ cos (θ + 2π/3)

−iu
′ sin θ − iv

′ sin (θ − 2π/3)− iw
′ sin (θ + 2π/3)

⎤
⎦ (5)

vuvw = Raiuvw + p (Luvwiuvw) + pΨuvw + vz ; hence,⎡
⎣ vu
vv
vw

⎤
⎦ = Ra

⎡
⎣ i′u + iz/3
i′v + iz/3
i′w + iz/3

⎤
⎦+ p

⎛
⎝
⎡
⎣ Lu Muv Mwu

Muv Lv Mvw

Mwu Mvw Lw

⎤
⎦
⎡
⎣ i′u + iz/3
i′v + iz/3
i′w + iz/3

⎤
⎦
⎞
⎠

+p

⎡
⎣ Ψf1 (im) cosωt+Ψf3 (im) cos 3ωt
Ψf1 (im) cos (ωt− 2π/3) + Ψf3 (im) cos 3 (ωt− 2π/3)
Ψf1 (im) cos (ωt+ 2π/3) + Ψf3 (im) cos 3 (ωt+ 2π/3)

⎤
⎦

+

⎡
⎣Rziz + Lzpiz
Rziz + Lzpiz
Rziz + Lzpiz

⎤
⎦

(7)
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TABLE II
EXAMINATION RESULT OF SWITCHING TIME OF ZERO-SEQUECE CURRENT

Fig. 12. Compared analysis models. (a) Protype motor model.
(b) Standard IPMSM model. .

Table II shows a summary of the article. From Table II, it can be
seen that the current, voltage, copper loss, and iron loss can be
reduced by setting the long tr. However, the relationship between
these evaluation items and the magnetic field amount Ψa_ave is
a tradeoff. Therefore, the tr is set to 30 ms in this article.

Next, in order to clarify the usefulness of the adjustable field
control using trapezoidal wave i0, the adjustable field control is
compared with the traditional field weakening control based on
the analysis result shown in Table II.

Fig. 12 shows compared analysis models. As shown in
Fig. 12(a), the magnetic leakage paths of the prototyoe model
have a width of 3.1 mm or 1.35 mm to enable field control.
On the other hand, since a standard IPMSM does not require a
wide-width bridge, the bridge width in Fig. 12(b) is set to 1.0 mm
while considering mechanical strength. For a fair comparison,
both motors have the same material, stator geometry, core stack
length, number of armature winding turns, and PM volume.

Fig. 13 shows the relationship between the d-axis current id
and the d-axis flux Ψd of the standard IPMSM with the field
weakening control. The maximum Ψd is 35.4 mWb, which is
almost the same as the Ψa_ave of the prototype motor with the
trapezoidal wave i0 of 2.79 Arms, as shown in Table II. On the
other hand, the id of−25.8 A is required to weaken theΨd to the
same level as the Ψa_ave of the prototype motor without the i0.

Fig. 14 shows the analysis results of the U-phase voltage
when the field weakening control is applied to the standard
IPMSM. The rotating speed N is 1000 r/min, the same condition
as the no-load experimental test in Section II. Therefore, the

Fig. 13. Relationship between d-axis flux and d-axis current of stan-
dard IPMSM with field weakening control.

Fig. 14. U-phase voltage of standard IPMSM with field weakening
control. (a) Waveforms. (b) FFT results.

analysis results shown in Fig. 14 can be compared with the
experimental result of the prototype motor shown in Fig. 7. As
can be seen in Figs. 7 and 14, when the field weakening control
is performed, the standard IPMSM generates much larger odd
number harmonics such as 3rd, 5th, 9th, and 11th of the phase
voltage than the prototype motor.

Table III shows the comparison results between the proposed
adjustable field control and the traditional field weakening con-
trol. There is a significant difference between these control
methods. In the field weakening control, the id is not supplied
when the N is low, and the id to weaken the Ψd increases as the
N increases. On the other hand, in the proposed adjustable field
control, to output high torque during low-speed operation, the
trapezoidal wave i0 is given to increase the Ψa. Therefore, a per-
formance comparison is conducted at the low-speed operating
point (N = 3000 r/min) and the high-speed operating point (N =
9000 r/min). As shown in Table III, the proposed adjustable field
control requires the current norm Ia of 2.79 Arms to increase
the Ψa of 10.0 mWb, resulting in the copper loss Pcopper of
46.5 W. On the other hand, when the approximately equivalent
amount of the Ψd is weakened by the field weakening control,
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TABLE III
COMPARISON RESULT BETWEEN PROPOSED ADJUSTABLE FIELD CONTROL

AND CONVENTIONAL FIELD WEAKENING CONTROL

Fig. 15. Capacitor voltage.

the Ia of 25.8 Arms is required, and the Pcopper of 56.6 W is
generated. In the low-speed range, since the v0 increases instan-
taneously during the tr, the maximum voltage norm Va_max of
the proposed adjustable field control is larger. On the other hand,
the proposed adjustable field control does not require the i0 in
the high-speed range, whereas the conventional field weakening
control supplies the large id. Therefore, the Va_max and the
iron loss Piron of the conventional field weakening control is
larger because more significant harmonics are caused by the
field weakening control, as can be seen in Figs. 7 and 14.

B. Smoothing Capacitor

As illustrated in Fig. 11, iron loss occurs during the switching
time tr of the iz polarity. Therefore, the iron loss caused by the
field control can be reduced by setting a long trapezoidal wave
period Tz. However, there is a tradeoff relationship between the
Tz and Cz. The Cz is usually determined by the capacity of the
inverter or motor. The Cz is set to 6600 μF in this article. Based
on the Cz, the Tz is calculated in this section.

Fig. 15 shows the capacitor voltage vcn, and Fig. 16 shows the
waveforms of the iz and the vcn. The vcn change is expressed as

vcn (t) =
1

2Cz

∫
izdt+ vcn (0) =

1

2Cz

∫
izdt+ 0.4Vdc .

(9)

In this article, since the iz is supplied while controlling the
vcn in the range of 0.4 Vdc to 0.6 Vdc, the vcn becomes 0.6 Vdc

after the positive period of the iz shown in the red area in Fig. 16
is completed as the following equation:

vcn (0.5Tz) =
1

4Cz
(Tz − tr) Iz_amp + 0.4Vdc = 0.6Vdc.

(10)

Fig. 16. Waveforms of vcn and iz.

Fig. 17. Relationship between Tz and Cz.

By solving (10) for the Tz, the relationship between the Tz

and Cz can be derived as

Tz =
0.8VdcCz

Iz_amp
+ tr . (11)

Fig. 17 shows the relationship between the Tz and Cz obtained
from (11) when the tr is 30 ms, the dc-bus voltage Vdc is 280 V,
and the trapezoidal wave iz amplitude Iz_amp is 3

√
3A. From

Fig. 17, the Tz is expected to be 315 ms when the Cz is 6600 μF.

C. Experimental Test of 0DQ Current Control

The control block diagram of the prototype motor is shown
in Fig. 18. The control block is designed based on (8), and dead
time td is compensated based on [23]–[27]. Fig. 19 shows a
photograph of the proposed drive system. Three current sensors
for each line current are needed when the iz is controlled.
Therefore, there are three current sensors in the proposed drive
system.

In Section III, the mathematical model of the prototype motor
is derived, as shown in Eq. (8). However, in fact, the midpoint
of the dc-bus voltage fluctuates due to the charge and discharge
of the smoothing capacitor. Thus, it is necessary to consider the
capacitance Cz for the iz control. The 0-axis voltage v0(t) when
the Cz is taken into consideration can be expressed as follows
using the 0-axis current i0(t):

v0 (t) = (Ra + 3Rz) i0 (t) + 3Lz
d

dt
i0 (t) +

3

2Cz

∫
i0 (t) dt.

(12)
By Laplace transforming (12) and solving for the i0, the

plant’s transfer function P0(s) can be derived, as shown in the
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Fig. 18. Control block diagram of prototype motor.

Fig. 19. Photograph of proposed drive.

Fig. 20. SVF for 0-axis current control.

following equation:

i0(s) =
v0(s)

(Ra + 3Rz) + s (3Lz) +
1
s

(
3

2Cz

) = P0 (s) v0(s).

(13)
As expressed in (13), the order of the plant is quadratic.

Therefore, the i0 is controlled using a two-stage state variable
filter (SVF) C0(s), as shown in Fig. 20. From this figure, the
open-loop transfer function G0(s) is expressed as

G0 (s) = C0 (s)P0 (s) =

(
K

b0s
2 + b1s+ b2

s2

)

×
⎛
⎝ 1

(Ra + 3Rz) + s (3Lz) +
1
s

(
3

2Cz

)
⎞
⎠ . (14)

Based on (14), the i0 control system can be made into a first-
order lag system by setting each SVF constant as follows:

(K, b0, b1, b2) =

(
3ωcLz, 1,

Ra + 3Rz

3Lz
,

1

2CzLz

)
. (15)

TABLE IV
EXPERIMENTAL CONDITIONS OF 0DQ CURRENT CONTROL

Fig. 21. Waveforms of 0dq current control using SVF.

Next, the experiment of the 0dq current control is carried out
to verify the validity of the control block diagram. Table IV
shows the experimental test conditions of 0dq current control.
Fig. 21 shows the experimental result of the 0dq current control.
It can be confirmed that the 0-, d-, and q-axis currents can be
controlled independently. In addition, the Tz is 328 ms, which is
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Fig. 22. I-T characteristic of prototype motor.

TABLE V
AVERAGE TORQUE RESULT WITH TORQUE COMMAND VALUE OF 2 NM

almost the same as the calculated value shown in Fig. 17. Fur-
thermore, the vcn can be controlled within the range of 0.4 Vdc

to 0.6 Vdc.

V. TORQUE DROP COMPENSATION DURING ALTERNATION OF

ZERO-SEQUENCE CURRENT POLARITY

The prototype motor is a reverse salient pole IPMSM, so
reluctance torque can be delivered. However, the id is not used
to avoid complicating verification in this article. Therefore, the
torque T of the prototype motor is expressed as

T = PnΨa (im) iq (16)

where Pn is the pole pair.
An experiment of the relationship between the q-axis current

iq and the T (I-T characteristics) is conducted to validate (16).
The experimental result is shown in Fig. 22. However, in order to
evaluate the torque characteristic of the motor hardware alone,
the dc im is supplied directly to the modulation winding using
an additional dc power supply prepared separately from the
three-phase inverter. As can be seen in Fig. 22, the torque model
expressed in (16) corresponds reasonably well with the experi-
mental value. In other words, the prototype motor can output the
higher torque with the small iq because the Ψa becomes large
by applying the im.

On the other hand, when the trapezoidal wave i0 is utilized
as the im, the Ψa is reduced during the switching time tr
of the i0 polarity. When the Ψa decreases, the torque also
decreases based on the torque model, so it is necessary to
compensate with the iq. Fig. 23 and Table V show the wave-
forms of the 0dq currents and the torque result, respectively.
The torque command T∗ is 2.0 Nm. In addition, the tr is
intentionally set to 300 ms in this experiment to emphasize
the iq change and the compensation effect. When the iq com-
pensates for the torque drop during the tr, the q-axis current
command value iq∗ is determined by (16). Therefore, as shown
in Fig. 23(b), the iq increases during the tr. In addition, the T
reaches the T ∗ due to the torque drop compensation, as shown
in Table V.

Fig. 23. 0dq current waveforms. (a) Without torque drop compensa-
tion. (b) With torque drop compensation.

VI. COMPARISON OF OPERATION CHARACTERISTICS AMONG

THREE PROPOSED DRIVES

A. FEM Analysis

The previous sections examined the three-phase four-wire
inverter drive system that uses zero-sequence current iz for field
control. However, from (1), it is sufficient to supply the im with a
constant absolute value to output a stable torque. Therefore, the
drive systems that can be applied as the prototype motor drive
system are as follows, as shown in Fig. 1:

1) A system using a dc power supply and a three-phase three-
wire inverter (Compared drive system A).

2) A system using a single-phase inverter and a three-phase
three-wire inverter (Compared drive system B).

3) Proposed system using a three-phase four-wire inverter.
Table VI shows comparison results among three drive sys-

tems. Five wires need to be wired to the prototype motor in the
system that uses additional circuits such as a dc power supply or
a single-phase inverter. On the other hand, there are four wires
in the proposed drive system. Therefore, the copper volume can
be reduced. In addition, the number of switching devices in the
proposed drive system is smaller than the other compared drive
systems. Thus, the switching losses can be improved.

Next, the torque analysis results with torque command T∗
of 2 Nm shown in Table VI are discussed. The difference
between the compared drive systems A and B are whether the
im is dc or trapezoidal. As shown in Table VI, the torque T
with trapezoidal wave im deteriorates by 5.5% because the iron
loss Piron increases due to trapezoidal wave im. The difference
between the compared drive system B and the proposed drive
system is whether the im flows through the armature windings.
Due to the difference, the copper loss Pcopper and line current of
the proposed system is slightly higher than that of the compared
drive system B. On the other hand, it can be seen from Table VI
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TABLE VI
COMPARISON OF DRIVE SYSTEM

Fig. 24. Experimental circuit of compared drive system B.

Fig. 25. I-T characteristics of prototype motor with trapezoidal wave
im. (a) N = 1500 r/min. (b) N = 3000 r/min.

that even if the im flows through the armature winding, it does
not affect the T and Piron.

B. Experimental Test

In the previous section, it was found through the FEM analysis
that even if the iz flows through the armature winding, there is no
effect on the torque output. In this section, the I-T characteristic
of the prototype motor is measured using the compared drive
system B and the proposed drive system to verify the validity and
usefulness in more detail. Fig. 24 shows the experimental circuit
of the compared drive system B. The inverter of the compared
drive system B is MWINV-5R022, Myway Plus Corporation,
which is the same as the proposed drive system.

Fig. 25 shows the experimental results of the I-T characteris-
tics with the T∗ of 1.0 Nm, 1.5 Nm, or 2.0 Nm. From the results
shown in Fig. 25, three things can be confirmed. First, the proto-
type motor can deliver high torque with a small line current by
supplying the trapezoidal wave i0. Second, torque deterioration
is improved as the N increases. As described in Section VI-A, the

torque deteriorates due to iron loss when the trapezoidal wave
im is used. However, the iron loss is constant regardless of the
N because the smoothing capacitor Cz determines the frequency
of the trapezoidal wave im, as discussed in Section IV-B. In
other words, the effect of the iron loss caused by the trapezoidal
wave im becomes relatively tiny as the N increases, so torque
deterioration is improved. And finally, a comparison between the
compared drive system B and the proposed drive system shows
that the proposed drive requires a larger line current due to the
flow of the iz, but the difference is negligibly slight.

VII. CONCLUSION

This article described a three-phase four-wire inverter fed
adjustable field IPMSM drive utilizing magnetic saturation.

In Section II, through the no-load e.m.f. measurement test, it
was found that the magnetic field of the prototype motor can be
widely adjusted depending on the absolute value of the im.

Section III compares the proposed drive system with the
conventional adjustable field PMSM drives. As a comparison
results, the following merits were revealed:

1) The proposed drive system has good controllability that
can continuously and actively control the field.

2) The proposed simple drive system does not require a
large-capacity inverter or additional circuit.

In Section IV, the proper iz waveform was determined from
the viewpoint of iron loss and the capacitance of the smoothing
capacitor. In addition, the proposed adjustable field control and
the traditional field weakening control were compared. The ad-
vantages of the proposed adjustable field control are as follows:

1) The current norm is 89.2% smaller, and the copper loss
is 12.2% smaller under conditions that control around the
same amount of the Ψa or Ψd, as shown in Table III.

2) Figs. 7 and 14 show that all odd-order voltage harmonics
are smaller.

3) As can be seen in Table III, iron loss by 55.4% can be
reduced at the high-speed operating point with a rotating
speed of 9000 r/min.

In Section V, the validity of the torque model of the prototype
motor was examined using a dc power supply, and the torque
drop compensation during the switching time of the trapezoidal
wave iz polarity was investigated based on the torque model.

In Section VI, the proposed drive system was compared with
the compared drive systems using an additional circuit, and the
following contributions were clarified:

1) The wiring to the motor can be reduced by one.
2) At least two switching devices can be reduced.
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3) The same torque as when using an additional single-phase
inverter can be delivered even without additional circuits.

The conventional vector control algorithms such as MTPA
control and MTPV control are established in the dq reference
frame. However, the mathematical model of the prototype mo-
tor and the proposed drive system is represented by the 0dq
reference frame, as expressed in (8). Therefore, the authors
will consider the control that extends the conventional control
expressed in the dq reference frame to the 0dq reference frame
as future work.
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