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

Kiyohiro lwama

Abstraci—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 humber 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 i, 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.

[. INTRODUCTION

RIVING range of a permanent magnet synchronous motor
D (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 i ; 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 i,,) 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 ig4
and i, a O-axis current iy for the adjustable field can be
controlled.

Fig. | 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 iy 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 i,, is
supplied from the additional single-phase inverter can be
delivered, even though the additional circuit is not used.
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Fig. 2. Configuration of prototype motor.
TABLE |
SPECIFICATIONS OF PROTOTYPE MOTOR
Number of poles and slots 8 poles, 48 slots
Number of armature winding turns 6 turns/slot
Number of modulation winding turns 140 turns
Stator diameter $148 mm
Rotor diameter ¢ 96.6 mm
Stack length 63 mm

Il. 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 i, is utilized as the i,,,. In this case,
the i, flows into three-phase armature windings, and the copper
loss of the armature windings can increase due to the i,. To

—— ] ———

1 Three-phase three-wire inverter
+DC/DC converter
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(Fig. 9(b))

Three-phase three-wire inverter  Many single-phase inverters |
+ Diode rectifier (Fig. 9(d)) 1
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Research position of proposed adjustable field method and drive system.
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Fig. 3. Photographs of prototype motor. (a) Stator. (b) Rotor core.
(c) Rotor.

Fig. 4. Modulation flux with i,, of 5 A4c. (@) 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 i, 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.
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Fig. 7. Experimental results of no-load e.m.f. with i, of 0 Agq. or

5.4 A4c. () 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 i,,. In addition,
the amount of the fundamental component is not affected by
the i,, 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 i, of 0 Agc or 5.4 Ay is given to the modulation
winding. As shown in the figure, the fundamental component of
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E 34 —— Approximate value
=
2
=
£ 30
3
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§ 28 S /
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6 -5 4 3 -2 -1 0 1 2 3 4 5 6
Modulation current #,, (A)

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

the no-load e.m.f. increases from 8.78 V,;, to 13.5 Vi, by
supplying the i,, of 5.4 Ag4.. In addition, harmonics other than
the third order are negligibly small. Fig. 8 shows a relationship
between the i, and the magnetic field ¥,; and V.3, where the
W,; and the ¥,3 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 Odg reference frame,
respectively. As shown in Fig. 8, the ¥,; and the ¥,3 do not
depend on the i,, polarity and can be controlled by the absolute
value of the i,,,. The ¥,; and the ¥ .3 can be approximated with
polynomials of the i,,, as follows:

ot (i) = — 1.15 x 1073 i, |*
+0.52/i|* 4+ 25.1 (mWb) and (1)
o3 (i) = — 9.45 x 107%)ip,|*

+2.71 x 1072i,|* + 1.27 (mWb).  (2)

[ll. 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



1242 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 70, NO. 2, FEBRUARY 2023
currents i,, i,, and i,, as
3¢
+1 w3 . 0 I KA
DC/AC . Luow = Z.U = Z.v, + Zz/3 (3)
r iy i +1./3
Jl#} where i,,,, 1S an armature current vector on the three-phase
DCDC —_E J$ {Fﬂ_ } reference frame, and i,,/, i,,/, and i, are the three-phase balanced
@) DC/DC ACDC components of the line currents. In addition, the i, is an in-phase
19 i W 1y component of the line currents on the three-phase reference
3¢ '-E J|<} [ ren {::IL } frame. The conversion matrix C to convert from the three-phase
L |<} [ ] peme| D (/] lacpe reference frame to the Odg reference frame is expressed as
| & = Y
DC/AC
"EJH}} m} 5 [ 1/v2 1/v2 1/v2
®) bohe Jeie C= 3 cosf cos(0—2m/3) cos(0+27m/3)
@ —sinf —sin (6 — 27/3) —sin (0 + 27/3)
4
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.
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e AR

1
-

DC/AC

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 V. using the two series smoothing
capacitors, and the modulation winding is connected between
the midpoint of the Vg, and the motor neutral point. In this
way, the electrical current path for the zero-sequence current i,
is made. The component i, is evenly superimposed on the line

where 6 is a spatial electrical angle. By using the C, the i,
can be converted as where iy 4, is a current vector on the Odg
reference frame. It can be seen from (5) shown at the bottom of
the next page, that the in-phase component i, does not interfere
with the i and the i,, and the three-phase balanced components
i, i/, and i, can be controlled without the influence of the
ig. Therefore, the iy can be used as the additional m.m.f. source
for the field control independently of the conventional ig and i,
control. When the iy is used as the i,,, the relationship between
the iy and the i,, is expressed as

io =i /V3 =i [ V3. ©6)

The voltage equation of the prototype motor is expressed
as, (7) shown at the bottom of the next page, where v, 1s
a voltage vector on the three-phase reference frame, R, is an
armature winding resistance, p is a differential operator, L.,
is an inductance matrix on the three-phase reference frame,
W, 18 an interlinkage flux vector on the three-phase reference
frame, v, is a voltage at the motor neutral point, v,, v,, and
vy are phase voltages, L,, L,, and L,, are self-inductances
of the three-phase windings, M, M, and M,,, are mutual
inductances among the three-phase windings, W (i,,) is the
amplitude of the fundamental component of the no-load flux
linkage, W r3(i,,) is the amplitude of the third-order component
of the no-load flux linkage, w is an electrical angular speed, R,
is a modulation winding resistance, and L, is an inductance of
the modulation winding [22]. By using the C, the v, can be
converted as

Vodqg = Cvuvw

Vo Ra + SRZ + p3Lz 0 0 i()
Vg | = 0 R, +pLg —oJLq iq
Vg 0 wLqg R,+pLg| |ig

—3wW 43 (i) sin 3wt
+ 0 ®)
wq]al (Zm)
where v 4, is a voltage vector on the Odqg reference frame, vy, v4,

and v, are the voltages on the Odg reference frame, and L4 and
L, are the inductance on the Odg reference frame. As described
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previously, W, (i,,) and ¥ ,3(i,,) can be expressed as (1) and
(2), respectively.

It can be seen from (8) that the iy can be controlled using the
vo, which is a common-mode voltage. It means that the magnetic
field can also be adjusted actively and continuously by the ij.
However, the dc iy can not apply due to the voltage imbalance
of the smoothing capacitors. Hence, the trapezoidal wave i
is used in this article. The influence of the L, on the voltage
utilization can be suppressed by setting the iy frequency low. In
addition, when the low-frequency trapezoidal wave iy is used,
the v is mainly determined by the resistance R, + 3R, and the
ip regardless of the rotating speed. In this article, the maximum
vo due to the resistance component is 19.2 V. Therefore, the v
has little effect on the voltage utilization rate because the v is
sufficiently smaller than the maximum voltage norm of around
171 V that PWM inverter with the V. 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 i; and the i, the
proposed drive can control the iy, and the iy 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 iy, and the trapezoidal wave iy is used for the
magnetic field control. When the trapezoidal wave iy is supplied,
iron loss occurs. Most of the iron loss occurs when the polarity of

——1t,=10ms
——t,=20ms
——1,=30ms

0-axis current
iy (A)
Ebblo—uws

——t, =40 ms

0-axis voltage
vo (V)

d-axis voltage
vy (V)

g-axis voltage
v, (V)

s 3
£ 8

=
232 30
£ Z 2
s E
23710
= 0
—~ 100
ERE )
2 60
2 40
§ 20
- 0 50 100 150 200 250 300
Time (ms)
Fig. 11.  Relationship between switching time of 0-axis current polarity

and operation characteristics of magnetic field control.

the iy changes because the frequency is very low. Therefore, in
this section, the proper i 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 7, is changed from 10 ms to 40 ms. The period of
the trapezoidal wave iy 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 JIMAG- designer. As
shown in Fig. 11, the 0-axis voltage v increases instantaneously
when the 7, is shorter. The v( surge causes temporary overmodu-
lation. Therefore, along 7,-is necessary to avoid overmodulation.

1odg = Cluvw

i./V2

‘ (5)
ig | = /2 | i cosO +i, cos (0 — 27/3) + iy, cos (0 + 27 /3)
iq —iy/sin6 — i, sin (0 — 27/3) — 4y, sin (6 + 27/3)
Vuvw = Raiuvw +p (Luvwiuvw) + p‘I’uvw + V. hence,
Uy, iy +1i./3 L, My, My, i +i,/3
vy | = R, i/v + Zz/3 +p Myy Ly My Z.,'u + Zz/3
Vw i,w + Z2/3 Mwu Mvw Lw Z-/w + Zz/3
Uty (im) coswt + Vg3 (i) cOs 3wt )

(im)
+p | U1 (im) cos (wt — 27/3) + Wyg Ezmg cos 3 (wt — 27/3)

U sy (i) cos (wt + 2m/3) + U r3 (i) cos 3 (wit + 27/3)

R.i. + L.pi.
+ | R.iz + Lepi:
R.i. + L.pi:
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TABLE I
EXAMINATION RESULT OF SWITCHING TIME OF ZERO-SEQUECE CURRENT
t,=10 ms t, =20 ms t,=30 ms t. =40 ms
Current norm /, 2.93 Aims 2.86 Ams 2.79 Amms 2.72 Amms
Maximum voltage norm ¥, . 89.1V 69.0V 62.7V 589V
Average magnetic field ¥, e 35.6 mWb 35.4 mWb 35.1 mWb 34.6 mWb
Copper 1088 Peopper 548 W 522 W 49.7 W 472 W
Tron 1088 Piyon 7.84 W 591'W 489 W 421 W
40
)— ¥, of conventional IPMSM with field weakening control‘
= ¥ (iy=2.79 A,y = 35.1 mWb
z 35
g
i 30
X =
\ =
\ ilé 25 B T e e
~ |
20 ;
30 125 20 -15 -10 -5 0
25.8 d-axis current i, (A)
Fig. 13.  Relationship between d-axis flux and d-axis current of stan-

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

Table IT 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 #,. However, the relationship between
these evaluation items and the magnetic field amount W ,_ . is
a tradeoff. Therefore, the ¢, is set to 30 ms in this article.

Next, in order to clarify the usefulness of the adjustable field
control using trapezoidal wave iy, 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 widthin Fig. 12(b)issetto 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 i 4
and the d-axis flux ¥, of the standard IPMSM with the field
weakening control. The maximum W, is 35.4 mWb, which is
almost the same as the ¥,_ ;. of the prototype motor with the
trapezoidal wave iy of 2.79 Ay, as shown in Table II. On the
other hand, the i ; of —25.8 A is required to weaken the ¥ ; to the
same level as the ¥,_ ., of the prototype motor without the iy.

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

dard IPMSM with field weakening control.

15

10

U-phase voltage (V)
y o
U-phase voltage (V)

0.0 2.5 5.0 715 10.0 125 15.0
Time (ms) Order

(@) (b)

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 3™, 5%, 9" and 11" of the phase
voltage than the prototype motor.

Table 11T 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 i, is not supplied
when the N is low, and the i, to weaken the W ; 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 iy is given to increase the ¥,. 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 I1I, the proposed adjustable field
control requires the current norm 7, of 2.79 A, to increase
the ¥, of 10.0 mWb, resulting in the copper 108 Pcopper Of
46.5 W. On the other hand, when the approximately equivalent
amount of the ¥, is weakened by the field weakening control,
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COMPARISON RESULT BETWEEN PROPOSED ADJUSTABLE FIELD CONTROL

TABLE IlI

AND CONVENTIONAL FIELD WEAKENING CONTROL

Control method Adjustable field Field weakening
1, 2.79 Amms 0.00 Apps
Vo max 62.7V 479V
Low speed Yy ave
operating point or ¥, ave =35.1 mWb ¥,=35.4 mWb
(N = 3,000 r/min) v,
Peopper 49.7 W 0.00 W
Piron 4.89 W 0.0l W
1, 0.00 Ars 25.8 Arms
Vo max 102V 116 V
High speed Yy ave
operating point or Yy ave =25.1 mWb ¥,=25.1 mWb
(N =9,000 r/min) v,
Peopper 0.00 W 56.6 W
Pion 43.0W 96.4 W
Vie "
=280V
Fig. 15.  Capacitor voltage.

the I, of 25.8 A, is required, and the Pgqpper 0f 56.6 W is
generated. In the low-speed range, since the vq increases instan-
taneously during the 7., the maximum voltage norm V,_y,,x of
the proposed adjustable field control is larger. On the other hand,
the proposed adjustable field control does not require the i in
the high-speed range, whereas the conventional field weakening
control supplies the large i4. Therefore, the V,_ax and the
iron loss Pj,on 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 ¢, of the i, polarity. Therefore, the iron loss caused by the
field control can be reduced by setting a long trapezoidal wave
period T,. However, there is a tradeoff relationship between the
T, and C,. The C, is usually determined by the capacity of the
inverter or motor. The C, is set to 6600 pF in this article. Based
on the C,, the T, is calculated in this section.

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

1 1
Ven (t) = 20 /izdt + ven (0) = ol /izdt +0.4Vy .
9

In this article, since the i, is supplied while controlling the
Ve in the range of 0.4 Vg, to 0.6 V4, the v, becomes 0.6 V4.
after the positive period of the i, shown in the red area in Fig. 16
is completed as the following equation:

Ven (0.5T%) = (T. = t,) I._amyp + 0.4Vge = 0.6V

(10)

4c.

Zero-sequence current

Capacitor voltage

Fig. 16.  Waveforms of v, and /..
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0. 17. Relationship between T, and C..

By solving (10) for the T, the relationship between the T,
and C, can be derived as

0.8V C.

T,
I zZ_amp

+t,. (11)

Fig. 17 shows the relationship between the 7, and C, obtained
from (11) when the ¢, is 30 ms, the dc-bus voltage Vq. is 280 V,
and the trapezoidal wave i, amplitude I,_g,, is 3v/3A. From
Fig. 17, the T, is expected to be 315 ms when the C, is 6600 uF.

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 ¢4 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 i, 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 C, for the i, control. The 0-axis voltage v (f) when
the C, is taken into consideration can be expressed as follows
using the 0-axis current io(f):

) d . 3 .
Vo (t) = (Ra + 3Rz) 20 (t) + 3Lzalo (t) + ﬁ /20 (t) dt.
(12)
By Laplace transforming (12) and solving for the iy, the
plant’s transfer function Py(s) can be derived, as shown in the
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Fig. 18.  Control block diagram of prototype motor.
TABLE IV
‘ ‘ EXPERIMENTAL CONDITIONS OF 0DQ CURRENT CONTROL
[m,ene, ! Parameter Symbol Value
e gayperson { DC-bus voltage Vae 280V
‘\"—ﬁ Switching frequency Sow 20 kHz
S Dead time 1 4 us
Modulation winding resistance R. 21Q
Armature winding resistance R, 0.085 Q
Modulation winding inductance L. 60 mH
d-axis inductance Ly 1.0 mH
Fig. 19.  Photograph of proposed drive g-axis inductance L, 1.6 mH
o ' Smoothing capacitor C. 6,600 pF
Crossover frequency W, 3,000 rad/s
State variable filter Cy(s) P, (Y)
il
iy %11 iy
(R"+3R:)+S(3L:)+;[£T;) ‘;’é: =
£
—
g
Fig. 20.  SVF for 0-axis current control. £z
% s
=]
following equation:
s
(5
, Vo(s 2%
io(s) = arae Py (s) vo(s). 37
(Ro+3R.) +s(3L.) + 1 (5:)
(13)

As expressed in (13), the order of the plant is quadratic.
Therefore, the ij is controlled using a two-stage state variable
filter (SVF) Cy(s), as shown in Fig. 20. From this figure, the
open-loop transfer function G(s) is expressed as

(Kb082 +b218+b2)
s

Go (s) = Co (s) Po (s)

y 1
(Ro +3R.) +5(3L.) + 1 (53:)

S

(14)

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

R,+3R. 1
3L. ’QCZLZ)' (15)

(K7 b07 b17b2) = <3wcLza ]-7

g-axis current
i, ()

o
£
S
55
£
g
9]
0 50 100 150 200 250 300 350 400 450 500
Time (ms)
Fig. 21.  Waveforms of 0dq current control using SVF.

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

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

Without compensation
1.68 Nm

With compensation
1.97 Nm

Average torque

almost the same as the calculated value shown in Fig. 17. Fur-
thermore, the v, can be controlled within the range of 0.4 V4.
t0 0.6 Vgc.

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 i4 is not used
to avoid complicating verification in this article. Therefore, the
torque T of the prototype motor is expressed as

T = PyW, (i) ig (16)

where P, is the pole pair.

An experiment of the relationship between the g-axis current
iy and the T (I-T characteristics) is conducted to validate (16).
The experimental resultis shown in Fig. 22. However, in order to
evaluate the torque characteristic of the motor hardware alone,
the dc i,, 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 i, because the ¥, becomes large
by applying the i,,.

On the other hand, when the trapezoidal wave iy is utilized
as the i,,, the ¥, is reduced during the switching time z,
of the iy polarity. When the ¥, decreases, the torque also
decreases based on the torque model, so it is necessary to
compensate with the i,. Fig. 23 and Table V show the wave-
forms of the Odg currents and the torque result, respectively.
The torque command 7% is 2.0 Nm. In addition, the ¢, is
intentionally set to 300 ms in this experiment to emphasize
the i, change and the compensation effect. When the i, com-
pensates for the torque drop during the 7,, the g-axis current
command value i * is determined by (16). Therefore, as shown
in Fig. 23(b), the i, increases during the 7, In addition, the T
reaches the T * due to the torque drop compensation, as shown
in Table V.

[——U-phase—— V-phase — W-phasd
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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 i, for field
control. However, from (1), it is sufficient to supply the i,,, 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. I:

1) A systemusing 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 7T
of 2 Nm shown in Table VI are discussed. The difference
between the compared drive systems A and B are whether the
im 18 dc or trapezoidal. As shown in Table VI, the torque T
with trapezoidal wave i, deteriorates by 5.5% because the iron
loss Piron increases due to trapezoidal wave i,,. The difference
between the compared drive system B and the proposed drive
system is whether the i,, flows through the armature windings.
Due to the difference, the copper 108S 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
Drive system Compared drive system A Compared drive system B Proposed drive system
Cireuit Modulation current DC i, of 3«/5 Age Trapezoidal wave i,, of 3\6 Aump Trapezoidal wave iy of 3Aamp

specifications Number o_f wires A 5 5 4
Number of switch devices More than 8 More than 8 6

Loss Propper 577 W 50.9 W 5.0 W

Analysis result Piron 0.12 W 4.54 W 4.54 W

with 7% of 2 Nm Output N 1,500 r/min 1,500 r/min 1,500 t/min
uipu T 2.00 Nm 1.89 Nm 1.89 Nm

Square wave

modulation current
e ————

DC/AC
Inverter
(MWINV-5R022)

AC/DC l DC/AC

Inverter
(MWINV-5R022) |

Prototype motor

Fig. 24.  Experimental circuit of compared drive system B.
Proposed drive system Compared drive system B
25 25
2.0 20
E £
Z Z
g 15 2 15
g Z
£ e
1.0 1.0 B {
0.5 0.5
4 6 8 10 12 2 4 6 8 10 12
Line current (A, Line current (A,
(a) (b)
Fig. 25.  |-T characteristics of prototype motor with trapezoidal wave

im- (@) N= 1500 r/min. (b) N = 3000 r/min.

that even if the i,,, flows through the armature winding, it does
not affect the T and Pj,op.

B. Experimental Test

In the previous section, it was found through the FEM analysis
that even if the i, 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 7% 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 iy. Second, torque deterioration
is improved as the Nincreases. 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 C, determines the frequency
of the trapezoidal wave i,,, as discussed in Section IV-B. In
other words, the effect of the iron loss caused by the trapezoidal
wave i,, 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 i, but the difference is negligibly slight.

VII.

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 i,,.

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 i, 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 ¥, or W, 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 111, 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 i, 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.

CONCLUSION
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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 dgq reference
frame. However, the mathematical model of the prototype mo-
tor and the proposed drive system is represented by the Odg
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 Odg reference frame
as future work.

REFERENCES

[1] T. Sun and J. Wang, “Extension of virtual-signal-injection-based MTPA
control for interior permanent-magnet synchronous machine drives into
the field-weakening region,” IEEE Trans. Ind. Electron., vol. 62, no. 11,
pp. 6809-6817, Nov. 2015.

[2] X. Zhang, G. H. B. Foo, and M. F. Rahman, “A robust field-weakening
approach for direct torque and flux controlled reluctance synchronous
motors with extended constant power speed region,” I[EEE Trans. Ind.
Electron., vol. 67, no. 3, pp. 1813-1823, Mar. 2020.

[3] S. Y. Jung, C. C. Mi, and K. Nam, “Torque control of IPMSM in the
field-weakening region with improved DC-link voltage utilization,” IEEE
Trans. Ind. Electron., vol. 62, no. 6, pp. 3380-3387, Jun. 2015.

[4] S. Chaithongsuk, B. Nahid-Mobarakeh, J. P. Caron, N. Takorabet, and F.
Meibody-Tabar, “Optimal design of permanent magnet motors to improve
field-weakening performances in variable speed drives,” IEEE Trans. Ind.
Electron., vol. 59, no. 6, pp. 2484-2494, Jun. 2012.

[5] J. Liu, C. Gong, Z. Han, and H. Yu, “IPMSM model predictive control in
flux-weakening operation using an improved algorithm,” IEEE Trans. Ind.
Electron., vol. 65, no. 12, pp. 9378-9387, Dec. 2018.

[6] J. A. Tapia, F. Leonardi, and T. A. Lipo, “Consequent-pole permanent-
magnet machine with extended field-weakening capability,” IEEE Trans.
Ind. Appl., vol. 39, no. 6, pp. 1704-1709, Jun. 2003.

[7]1 T.Mizuno, K. Nagayama, T. Ashikaga, and T. Kobayashi, “Basic principles
and characteristics of hybrid excitation type synchronous machine,” IEEJ
Trans. Ind. Appl., vol. 115, no. 11, pp. 1402-1411, Nov. 1995.

[8] K. Sakai, H. Hashimoto, and S. Kuramochi, “Principle and basic charac-
teristics of variable-magnetic-force memory motors,” in Proc. IEEJ Trans.
Ind. Appl., 2011, pp. 53-60.

[9] J. Chen, J. Li, and R. Qu, “Maximum-torque-per-ampere and
magnetization-state control of a variable-flux permanent magnet machine,”
IEEE Trans. Ind. Electron., vol. 65, no. 2, pp. 1158-1169, Feb. 2018.

[10] X. Zhu, Z. Xiang, L. Quan, W. Wu, and Y. Du, “Multimode optimiza-
tion design methodology for a flux-controllable stator permanent magnet
memory motor considering driving cycles,” IEEE Trans. Ind. Electron.,
vol. 65, no. 7, pp. 5353-5366, Jul. 2018.

M. Aoyama and T. Noguchi, “Automatic variable magnetic flux tech-
nique in consequent pole type PM-motor utilizing space harmonic,” in
Proc. Int. Symp. Power Electron., Elect. Drives, Automat. Motion, 2018,
pp. 1315-1320.

H. Hijikata, Y. Sakai, K. Akatsu, Y. Miyama, H. Arita, and A. Daikoku,
“Multi-phase inverter-fed MATRIX motor for high efficiency driving,”
IEEJ Trans. Ind. Appl., vol. 138, no. 3, pp. 257-264, Mar. 2018.

K. Iwama and T. Noguchi, “Operation characteristics of adjustable field
IPMSM utilizing magnetic saturation,” Energies, vol. 15, no. 1, p. 52,
2021, doi: 10.3390/en15010052.

M. Narimani and G. Moschopoulos, “An investigation on the novel use
of high-power three-level converter topologies to improve light-load ef-
ficiency in low power DC/DC full-bridge converters,” IEEE Trans. Ind.
Electron., vol. 61, no. 10, pp. 5690-5692, Oct. 2014.

M. Das and V. Agarwal, “Design and analysis of a high-efficiency DC-DC
converter with soft switching capability for renewable energy applications
requiring high voltage gain,” IEEE Trans. Ind. Electron., vol. 63, no. 5,
pp- 2936-2944, May 2016.

A. Mondzik, R. Stala, S. Pirog, A. Penczek, P. Gucwa, and M. Szarek,
“High efficiency DC-DC boost converter with passive snubber and re-
duced switching losses,” IEEE Trans. Ind. Electron., , vol. 69, no. 3,
pp. 2500-2510, Mar. 2022.

K. Dang et al., “Lateral GaN Schottky barrier diode for wireless high-
power transfer application with high RF/DC conversion efficiency: From
circuit construction and device technologies to system demonstration,”
IEEE Trans. Ind. Electron., vol. 67, no. 8, pp. 6597-6606, Aug. 2020.

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18] P. Nayak and K. Hatua, “Parasitic inductance and capacitance-assisted
active gate driving technique to minimize switching loss of SiC MOSFET,”
IEEE Trans. Ind. Electron., vol. 64, no. 10, pp. 8288-8298, Oct. 2017.
[19] X.Lietal.,“ASiC power MOSFET loss model suitable for high-frequency
applications,” IEEE Trans. Ind. Electron., vol. 64, no. 10, pp. 8268-8276,
Oct. 2017.

A.P.Camacho, V. Sala, H. Ghorbani, and J. L. R. Martinez, “A novel active
gate driver for improving SiC MOSFET switching trajectory,” IEEE Trans.
Ind. Electron., vol. 64, no. 11, pp. 9032-9042, Nov. 2017.

[21] M. R. Ahmed, R. Todd, and A. J. Forsyth, “Predicting SiC MOSFET be-
havior under hard-switching, soft-switching, and false turn-on conditions,”
IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9001-9011, Nov. 2017.
Y. Fujii, J. Asama, and A. Chiba, “Voltage sensorless control of split
capacitor for three-phase four-wire motor system with zero-sequence sus-
pension winding,” IEEE Trans. Ind. Appl., vol. 57, no. 6, pp. 6823-6832,
Nov./Dec. 2021.

Y. Oto, T. Noguchi, T. Sasaya, T. Yamada, and R. Kazaoka, “Space
vector modulation of dual-inverter system focusing on improvement of
multilevel voltage waveforms,” IEEE Trans. Ind. Electron., vol. 66, no. 12,
pp. 9139-9148, Dec. 2019.

Y. Wang, Q. Gao, and X. Cai, “Mixed PWM for dead-time elimination and
compensation in a grid-tied inverter,” IEEE Trans. Ind. Electron., vol. 58,
no. 10, pp. 4797-4803, Oct. 2011.

D. M. Park and K. H. Kim, “Parameter-independent online compen-
sation scheme for dead time and inverter nonlinearity in ipmsm drive
through waveform analysis,” IEEE Trans. Ind. Electron., vol. 61, no. 2,
pp. 701-707, Feb. 2014.

G. Liu, D. Wang, Y. Jin, M. Wang, and P. Zhang, “Current-detection-
independent dead-time compensation method based on terminal voltage
A/D conversion for PWM VSI,” IEEE Trans. Ind. Electron., vol. 64, no. 10,
pp. 7689-7699, Oct. 2017.

U. Abronzini, C. Attaianese, M. D’Arpino, M. Di Monaco, and G.
Tomasso, “Steady-state dead-time compensation in VSI,” IEEE Trans.
Ind. Electron., vol. 63, no. 9, pp. 5858-5866, Sep. 2016.

[20]

[22]

(23]

[24]

[25]

[26]

[27]

Kiyohiro lwama (Student Member, |IEEE) was
born in Fuji, Japan, in 1995. He received the
B.Eng. and M.Eng. degrees in 2018 and 2020,
respectively, from Shizuoka University, Hama-

- e
(= = matsu, Japan, where he is currently working
" ;} toward the Ph.D. degree with the Department

of Environment and Energy System, Graduate
School of Science and Technology.

His research subject since he was an under-
graduate has been motor hardware of an ad-
justable field PMSM and its drive system.

s h

Mr. Iwama is a student member of the Institute of Electrical and
Electronics Engineers (IEEE) and the Institute of Electrical Engineers
of Japan (IEEJ).

Toshihiko Noguchi (Senior Member, IEEE)
was born in Kuwana, Japan, in 1959. He re-
ceived the B.Eng. degree in electrical engineer-
ing from the Nagoya Institute of Technology,
Nagoya, Japan, in 1982, and the M.Eng. and
D.Eng. degrees in electrical and electronics sys-
tems engineering from the Nagaoka University
of Technology, Nagaoka, Japan, in 1986 and
1996, respectively.

In 1982, he was with the Toshiba Corporation,
Tokyo, Japan. He was a Lecturer with the Gifu
National College of Technology, Gifu, Japan, from 1991 to 1993. He
was an Assistant Professor and an Associate Professor with the Depart-
ment of Electrical, Electronics and Information Engineering, Nagaoka
University of Technology, from 1994 to 1995 and from 1995 to 2009,
respectively. Since 2009, he has been a Professor with the Depart-
ment of Electrical and Electronics Engineering, Faculty of Engineering,
Graduate School of Engineering, Shizuoka University, Hamamatsu,
Japan. His research interests include new circuit topologies of static
power converters and motor drives including electric machine hardware.

Mr. Noguchi is a Member of the Institute of Electrical Engineers of
Japan.


https://dx.doi.org/10.3390/en15010052


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


