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A Simple Deadbeat Predictive Current Control for
OW-PMSM Drives Based on Reference
Voltage Redistribution

Han Zhang

Abstract—Zero-sequence current (ZSC), which inherently ex-
ists in the open-winding permanent magnet synchronous motor
(OW-PMSM) with a common dc bus, would deteriorate the control
performance of the system and add additional losses. Conven-
tional proportional-integral (PI) controller involves the simulta-
neous adjustment of several parameters, which is an extremely
time-consuming process. To solve these problems, this article pro-
poses a simple deadbeat predictive current control (DPCC). First,
a reference voltage weight factor is designed to redistribute the ref-
erence voltage of the dual-inverter, which makes the zero-sequence
voltage generated by the nonzero voltage vector (VV) and the
third harmonic back electromotive force cancel. Consequently,
ZSC can be completely suppressed. Second, the zero VV u,(111)
are excluded from the modulation, so the switching frequency of
the dual-inverter and common mode voltage can be effectively
reduced. Meanwhile, the effective modulation range is analyzed in
this article, which reveals the relationship between the ratio of the
third harmonic flux linkage and the modulation index. Finally, the
effectiveness and advantages of the proposed method are verified
on a 1.25-kW OW-PMSM experimental platform.

Index Terms—Deadbeat predictive current control (DPCC),
open-winding permanent magnet synchronous motor (OW-
PMSM), zero-sequence current (ZSC).

I. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM), as a
P typical ac motor, has gained significant importance in in-
dustry applications due to its small volume, high power density,
and superior operating performance [1], [2], [3], [4]. However,
classical PMSM fed by a single inverter is constrained in high-
power and high-voltage applications, such as electric vehicles,
rail traction, and aerospace. Under limited dc voltage source,
an open-winding permanent magnet synchronous motor (OW-
PMSM) is considered as an alternative solution for a high-power
drive system [5], [6], [7], [8].
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Fig. 1.
bus type.

Topology of OW-PMSM. (a) Isolated DC bus type. (b) Common DC

As a novel topology, OW-PMSM, which is powered by the
dual-inverter has been extensively investigated in recent years.

Notably, the capacity of the conventional star-connected in-
verter is distributed to two inverters, which reduces the capacity
of a single inverter and realizes multilevel modulation of the
phase voltage compared to the classical PMSM. Generally, the
drive topology of OW-PMSM can be classified into isolated dc
bus type [9], [10] and common dc bus type [10], [11] according
to whether the dual-inverter shares a common dc-voltage source,
as shown in Fig. 1. It can be seen that two electrically isolated
dc voltage sources are required in Fig. 1(a), which makes the
system structure complex and increases the size and cost. In
addition, another potential issue that may existin the OW-PMSM
system with the isolated dc bus is that the bus voltage on both
sides are not equal, which may prevent the original control
algorithm from working. The latter, which requires only a single
dc voltage source, compensates for these problems extremely
effectively. The simplified system with reduced cost makes it
quickly become a major research hotspot for high-power drives.

However, the natural constraint that the vector sum of the
three-phase currents is zero is broken owing to the direct connec-
tion of the two dc-links, which introduces a flow path for zero-
sequence current (ZSC). As shown in Fig. 2, the zero-sequence
voltage (ZSV), which is the difference between the common
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Fig. 2. Zero-sequence loop.

mode voltage (CMV) of the dual-inverter, and the third harmonic
back electromotive force (EMF) at the motor side together form
the zero-sequence loop [12]. ZSC is an unexpected component,
which would increase the system losses and jeopardize the safe
operation of the motor. As a result, additional ZSC suppression
is required.

Over the years, the ZSC suppression strategies for OW-PMSM
with acommon dc bus are mainly divided into hardware and soft-
ware solutions. The series saturated reactor is designed in [13]
to suppress ZSC by increasing the zero-sequence impedance.
In [14] and [15], the additional auxiliary switching tubes are
designed in topology to achieve ZSC suppression. However,
the reactors and switching tubes added to the system would
increase the size and cost, which is limited in practical applica-
tion. Therefore, the software approach to suppress ZSC is more
competitive and easier to implement. The modified space vec-
tor pulsewidth modulation (SVPWM) with zero voltage vector
(VV) redistribution is presented in [16], which makes the ZSV
and the back EMF cancel each other. Literature [17] proposes a
novel dual-space vector control method to suppress ZSC through
zero VV redistribution in a single-side inverter. Consequently,
ZSC can be effectively suppressed and the superior steady-state
performance can be obtained in both methods. However, the
high switching frequency, which leads to larger switching losses,
is still a problem to be optimized. On this basis, the influence
of ZSC on torque ripple is discussed in [18] and an additional
current injection into the g-axis is introduced to compensate
the torque ripple caused by ZSC. Furthermore, the switching
frequency is reduced by phase-angle shift modulation, in which
zero VV (111) is not required. Nevertheless, the phase current
total harmonic distortion (THD) is severely worsened and the
additional motor losses are increased. In [19], the duration time
of three-phase pulses is readjusting in a control period, which
suppresses ZSC and CMV simultaneously. Thus, a satisfactory
control effect can be obtained and the switching frequency can
be further reduced without zero VV u7(111).

The above-mentioned methods are all concerned with ob-
taining an accurate ZSV generated by the dual-inverter. How-
ever, additional proportional resonant or proportional integral
resonant (PIR) controller are required in the current loop to
generate the zero-sequence reference voltage. Considering the
proportional-integral (PI) controllers of the speed loop, the
cotuning of several parameters is a quite laborious problem
in practical occasions. Besides, the slower dynamic response
performance is an aspect that needs to be improved.

In recent years, model predictive control (MPC) has stood
out from the crowd in the field of motor drives by virtue of
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its simple structure, fast dynamic response, and multivariable
constraint capabilities. As one of the MPC, finite control set
MPC (FCS-MPC) selects discrete VVs to act on the motor
through a predefined cost function. Literature [20] presentsa VV
optimization selection method, which decouples the voltages
from the «3- to the abc-axes and the suppression of ZSC and
the optimal selection of VVs can be guaranteed. In [21], the
influence of dead-zone on the control system is analyzed, and
then, the dead-time of the inverter is redistributed optimally to
improve the steady-state performance of the system. In addition,
in order to reduce the impact of parameter mismatch on the
prediction model, a robust two-vector model predictive control
strategy is proposed in [22] based on the hysteresis controller,
which enhances the robustness of the zero-sequence parameter
mismatch. It can be seen that although the above-mentioned
methods comparatively improve the control performance, the
great computational burden is a problem that FCS-MPC has to
face [23], [24].

Compared to FCS-MPC, a better control performance and a
fixed switching frequency can be obtained with deadbeat pre-
dictive current control (DPCC), which is a typical of continuous
control set MPC (CCS-MPC). Only the reference voltages are
required to substitute into the fixed module SVPWM, in which
the computational burden can be considerably reduced. Incor-
porating the idea of the deadbeat control, a novel four-segment-
mode CCS-MPC is proposed in [25] and [26], which obtains
an excellent control steady-state performance. The suppression
of ZSC is achieved by redistributing the modulation sequence,
besides, VVs are optimally ordered to reduce the switching fre-
quency. Therefore, a switching frequency fixed at half the control
frequency is obtained. In order to solve the asymmetric operation
of OW-PMSM with an isolated dc bus when the voltages of
the two dc-link voltages are not equal, literature [27] presents
a novel voltage modulation strategy, where the inverter at the
low-voltage is kept in a low-potential clamping state instead of
the dual-inverter being clamped alternately. Consequently, the
total voltage synthesis region becomes larger and the voltage
synthesis capability is better. In addition, in [28], an adaptive
sliding mode control-based zero-sequence observer is designed
to predict ZSV and ZSC, and then a novel DPCC scheme with
alternate subhexagonal center pulsewidth modulation strategy is
proposed to suppress ZSC and torque ripple simultaneously.

Literature [29] proposes an improved ZSC hysteresis control-
based DPCC, in which two VVs in the mid-hexagonal and an VV
in the outer-hexagonal for compensating the ZSV are used for
SVPWM. Although a good control effect can be obtained with
the above methods, the zero VV u7(111) needs to be engaged
to pulsewidth modulation in [25] and [26], which produces a
larger shaft voltage and CM V. In addition, the adoption of sliding
mode observer involves the design and adjustment of several
parameters, and the implementation of the hysteresis controller
is relatively complicated. The simpler the control algorithm is
employed in practical engineering, the lower the failure rate and
the cost of protection can be obtained. Therefore, a simple DPCC
is proposed in this article, which utilizes the voltage synthesis
characteristics of the dual-inverter to redistribute the reference
voltage and the ZSV output by the dual-inverter can always
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counteract the third harmonic back EMF. Consequently, ZSC
can be completely suppressed. Besides, the switching frequency
of the dual-inverter can be reduced by excluding the zero VV
u7(111) from the modulation, which further reduces the shaft
voltage and CMV of the system. This article is organized as
follows. Section II provides the mathematical model of OW-
PMSM. The proposed simple DPCC method with reference
voltage redistribution is presented in Section III. In addition,
the effective modulation range is also analyzed in this sec-
tion. Finally, the validity of the proposed method is verified in
Section I'V.

II. MATHEMATICAL MODEL OF OW-PMSM

The common dc bus type OW-PMSM system fed by a dual-
inverter is presented in Fig. 1(b), which does not change the
electromagnetic design of the classical PMSM. Consequently,
the voltage model of PMSM is still applicable to OW-PMSM.
Besides, the characteristic zero-sequence loop needs to be con-
sidered. The voltage equation of OW-PMSM under the dq0
rotating coordinate frame can be expressed as

Uq Ld 0 0 d id
ug| = [0 Lqg 0| i
Uuo 0 0 LQ io
Ry welq 0O iq
+ |welqg Ry 0 iq
L0 0 R | o
0
+ we s M
_—3we¢f3 sin 30,

where uq, 1y, and ug represent the stator voltage under the dg0-
axes; iq, iq, and iy represent the stator current under the dg0-axes;
we represents the electrical angular speed; 8, represents the elec-
trical angle; Lq, Ly, and Lg represent the inductance under the
dq0-axes, and Lyq = Ly in the surface-mounted PMSM; )¢ and
1r3, respectively, denote the fundamental flux linkage and third
harmonic flux linkage component; Ry is winding resistance. In
addition, eg = 3we1351n30, is expressed as the third harmonic
back EMFE.

The time delay, which inherently exists in the practical sys-
tem, would deteriorate the control performance of the system.
Generally, one-step prediction is employed to compensate for
the time delay of the control system. The current prediction can
be realized by discrete (1) with the forward Euler technique,
which is expressed as

[ia(k+1)

iq (k+1)

o (k+1)
1— % we (k)T 0 ia(k)
= |~weh)Ty 1- 5= 0 iq(k)
0 1—EL | io(k)
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Fig. 3. Control diagram of the proposed simple DPCC.
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where iqq0(k-+1) are denoted as the dg0-axes predicted current at

the (k-+1)th instant; iqq0(k) are denoted as the sampled current.

Subject to ZSC, the electromagnetic torque of OW-PMSM
can be expressed as

3 . -

T, = (Lg — Lq)iaiq — 61sio sin (36.)]  (3)

np [Vriq +

where n;, represents the pole pair of the motor. It can be seen
in (3) that the ZSC is always presented as a sixth harmonic
component in the torque. The smooth torque output is directly
related to ZSC. Therefore, one of the most critical things, which
needs to be addressed, is to suppress ZSC in the OW-PMSM
system with a common dc bus.

III. PROPOSED SIMPLE DPCC

From the above-mentioned analysis in Section I, ZSC is
mainly composed of the ZSV generated by the pulsewidth
modulation and the third back harmonic back EMF. The lat-
ter is expressed as a sinusoidal component varying with rotor
position, which is uncontrolled. Fortunately, the ZSV output by
the dual-inverter can be accurately modulated by using differ-
ent VVs. As the only controlled voltage source, the VV with
ZSVs of different polarities are commonly utilized in DPCC
for pulsewidth modulation [22]. Besides, the reference voltage
of the OW-PMSM is cosynthesized by dual-inverter, providing
more flexible modulation characteristics. If the reference voltage
of the system is available, the reference voltage of the two
inverters can be skillfully assigned to obtain the desired ZSV.
Unlike the average allocation of reference voltage in [26], this
article presents a simpler method of reference voltage allocation
that can consistently obtain the required ZSV to counteract
the third harmonic EMF, as a result, ZSC can be completely
suppressed. The overall diagram of the proposed DPCC is shown
in Fig. 3, which mainly includes the calculation of the reference
voltage, ZSC suppression based on the redistribution of the refer-
ence voltage and switching frequency optimization. The control
strategy of iqrof = 0 is used in this article and zero-sequence
reference current ig.er is set to 0.
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Fig. 4. Vector plane of single two-level inverter.
TABLE I
VOLTAGE VECTOR FOR A SINGLE INVERTER
\AY Status Uq ug Uy
u,  (000) 0 0 0
— U (100) 2Uq4./3 0 Uqao/3
0ddVvs 4 s (010)  -Us/3  \BUL3 U3
Lus  (001)  -Us/3  -BUL3 U3
—uy  (110)  Ul3 BULB 2043
Even VVs o4 us  (011)  -2U4/3 0 2U4/3
Lue  (101)  Uw3  -BULB 203
U7 (111) 0 0 Uge

For a single two-level inverter, the VV distribution plane is
shown in Fig. 4, which consists of six nonzero VVs and two zero
VVs. The voltage components under the «30-axes for each VV
are shown in Table I, from which it can be seen that the odd VVs
(uy, us, us) can produce the ZSV of Uy./3 and the even VVs can
produce the ZSV of 2U4./3.

A. ZSC Suppression With Reference Voltage Redistribution

As the most commonly used method of voltage distribution,
the reference voltage is usually equally distributed to the dual-
inverter for SVPWM. Despite its ease of implementation, ZSVs
output by the dual-inverter are inherently limited. Consequently,
an additional zero VV u7(111) injection is required to compen-
sate for the ZSVs to suppress the ZSC [16]. However, it has been
demonstrated in [30] and [31] that the high-frequency CMV of
the system, which is expressed as half of the sum of the CMV
for the dual-inverter, would generate unwanted shaft current and
increase the system losses. In this article, the amplitude of the
reference voltage of the dual-inverter is constantly jumped to
maintain the dynamic balance between the ZSV generated by
nonzero VVs and the third-harmonic back EMF. Consequently,
the zero VV u7(111) can be avoided to participate in modulation
to reduce the CMV.

According to the principle of deadbeat control (iqqo(k+2) =
i aqoref), the reference voltage of the system can be expressed as

Udref
Ugref
UQref
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Through the inverse-Park transformation, the reference volt-
age under the ov-axes can be obtained as

Uaref = Udref COS(0e) — Ugrer SN (6e) )
UBref = Udref SIN(Oe) + Ugrer cOS(He).

After obtaining the «3-axes reference voltage, the reference
voltage of the system needs to be assigned to the dual-inverter,
and then two SVPWMs can be generated. In the OW-PMSM
system, the total output voltage of the system is expressed as the
voltage difference output by the two inverters

INV1 INV2
Uapo = uaB\O/ - uaﬂ\(g (6)
where ug}\oll and UL%XQ represent the ZSVs output by inverterl

(INV1) and inverter2 (INV2), respectively. Once the reference
voltage of the dual-inverter has been obtained with the di-
chotomy of the reference voltage, the volt-second balance is used
to ensure that the a3-axes voltages are efficiently synthesized.
However, the output ZSV is uniquely determined at the same
time. Therefore, in order to ensure that the ZSV generated by
the dual-inverter can be flexibly modulated, the reference voltage
of the dual-inverter should be varied at all times according to (6).
In this article, a weighting factor x is designed to redistribute the
reference voltage of the dual-inverter, which satisfies 0<x<1.
The reference voltage of the dual-inverter can be expressed as

uloél\é\r/clf = T UqapPref ™
uliN% = (2 — 1) - Uapres

As shown in Fig. 5, the x-uagref is assigned to INV1 for

SVPWM and (1-x)-uqgrer is assigned to INV2 for another

SVPWM. According to the sector where the reference phase

angle () = arctan(uj ' /ul %)) is located, two adjacent

nonzero VVs can be selected for vector synthesis (one odd VV
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and one even VV). The volt-second balance equation in INV1
can be expressed as

auy, Ty = uINVl ti + uINVl t

TUgor - Ts = ulﬁN\Zl t; + uINVl tj.

In (8), uélgyzl and un\é\” are denoted the «/3-axes voltage

components of the two non-zero VVs, which can be obtained

from Table I (i = 1, 3, 5;j = 2, 4, 6). t; and #; represent the

durations of the two non-zero VVs, respectively, which can be
further solved as

®)

INV1 INVI,
t T ("ﬂ —j Yaref " %a—j Bref)
i = WINVT INVI_ INVI TNV
U —i Yoy
T ( INVT . —uINV1L, ) (9a)
to = g 225 Yarer Yo i Uprer
= TNVI. INVI_, INVI_ INVI
/ Ug—j "Ugg —Ug j Ug—g

According to the sector symmetry, the duration of the two
nonzero VVs in INV2 can be obtained as

INV2 INV2

t’ (e 1 T (u Unret ™ Ua—j uﬁr(,f)
/— X INV2 INV2 INV2 UINV2

a— ﬁ /—z a—j (9b)
’ Ts (uINV2 u —uINV2 U )
t = ~1)- B—i aref Bref
j =T INV2 uINV2 uINV2 uINVQ

a—J B—1i B-7 a—1i

In (9a) and (9b), only x is unknown, the durations #;, ¢;, tl,
and t;-would be affected by different weighting factor x. This
further shows that the output ZSV of the dual-inverter can be
flexibly changed by relying on tuning x, which is expressed as

1 / 2 / 1
Upoutput = |:3Udc (ti, - t,‘) + gUdc (tj — tj>:| . T (10)

In order to suppress ZSC, a specific x must be obtained to make
the ZSV output by the dual-inverter offset the third harmonic
back EMF. Thus, the ZSV balance equation can be obtained as

UQoutput = |:;Udc (tz - t;) + %Udc (tj - t;):| ' Tig = UQref -

(11)

In (11), the zero-sequence reference voltage ug.et has been

obtained by deadbeat algorithm in (4); t;, t;, t ;, and t can

be expressed by the weight factor x. Therefore, (11) can be

transformed into solving a simple equation with respect to the
weight factor x, which is calculated as follows:

- (3U0ref/Udc — C — 2D)
~ (A+2B-C-2D)

12)

_ INV1 INV1
A= <u “Uaref — U5 ° Uﬂref) /
uINVl INVI INVl uINVl
Up—j Up—i a—j
INV1 INVI
B= (u s Uaref — uﬂref) /
INVl INVl INVl INV1
Uq ﬁfz Uq— U’B—'
where J
INV2 INV2
C= (u * Uaref — uafj . UBref) /
INV2 INV2 _ INV2 INV2
(“ TUg—yT T Ui Ya—j
INV2 INV2
D = ( s Uaref — U,Bref) /
INV2 INV2 INVQ INV2
a—j " Up—i Ug—i ™ " Ua—j

After obtaining the weight factor x, the x needs to be substi-
tuted into (9), and the duration of the two nonzero VVs can be
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Fig. 6.
axis.

Example with a reference voltage of 2/3U4. and located on the at-

obtained. Next, the remaining time is allocated to the zero VV
1p(000). Then two SVPWMs can be obtained.
Define modulation index m as

_ |ua6ref | ]
2v/3U4 /3

From the above-mentioned analysis, it can be seen that for a
specific m under the modulation range, a particular weighting
factor x can always be obtained to assign the reference voltage
of the dual-inverter. As a result, the ZSVs generated by nonzero
VV and the third harmonic back EMF are always in dynamic
balance.

For example, assuming that the amplitude of the reference
voltage is 2/3Uq. and lies on the a™-axis, the zero-sequence
reference voltage is 0, as shown in Fig. 6. According to the
volt-second balance principle, the following equation is given:

13)

Ly Mabiet 20 e o0 g
de * 2/3Udc 3 dc 2/3Udc Oref

Then, uljV: = 2ulliV% can be obtained according to (14).
Therefore, to ensure that the ZSV output by the dual-inverter is
0, 2/3u 4 gref needs to be assigned to INV1 and —1/3u, g,ef needs
to be assigned to INV2, i.e., the weight factor x is set to 2/3.

The flowchart of the proposed ZSC suppression strategy is
shown in Fig. 7. It can be seen in Fig. 7 that only a specific x
needs to be computed to redistribute the reference voltage ac-
cording to (11). Then, ZSC can be suppressed, which is simple
and easy to implement.

B. Modulation With Switching Frequency Optimization

In Section III-A, a novel reference voltage redistribution
strategy is presented to suppress ZSC, which makes the ZSV
generated by the nonzero VV counteract the third harmonic back
EMEF. As aresult, the zero VV u7(111) that generates the ZSV of
Uy can be abandoned to involve in the pulsewidth modulation.
The switching frequency of the dual-inverter can be effectively
reduced by using only zero VV 14 (000).

Usually, one turn-ON and one turn-OFF of the switching tube
are considered as an action. The average switching frequency is
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Fig. 7. Flowchart of the simplified SVPWM with ZSC suppression.

defined as the action times of six switching tubes per unit time.
Take Fig. 8 as an example, when the conventional SVPWM
is implemented, there are three actions for switching tubes in
a single inverter, whereas there are only two actions in the
proposed method. With the switching frequency optimization,
the switching state of a particular phase bridge arm can always
be clamped at 0. The average switching frequency of the dual-
inverter is effectively reduced by 33%.

In addition, the high-frequency ZSV can cause shaft voltage,
which would lead to premature bearing failure and affect the
service life of the motor. The zero VV u7(111) is discarded to
help reduce shaft voltage in the OW-PMSM system, especially
for high-power applications.

C. Analysis of Modulation Range

In the proposed method, the point is to find a specific weight-
ing factor x to balance the ZSV and the third harmonic back
EMF with a given reference voltage. Combining (7) and (13),
the relationship between x and m can be obtained as

WINVL 9
% = Zm-a (15)
C

For a single two-level inverter, the maximum synthesized
voltage capacity of SVPWM is /3 /3Uq4.. When the modulation
index m satisfies 0<m<0.5 (i.e., the amplitude of the total
reference voltage ugrer 1S less than V3 /3Uqc), the reference
voltage of a single inverter can always be accurately modulated
no matter how the reference voltage i, grcr is assigned. However,
in the case of 0.5<m<1 (i.e., the amplitude of the reference
voltage u,gref is greater than \/§/3Udc), Xlogref May exceed
the voltage capacity of INV1 when the weighting factor x is
sufficiently large, as shown in Fig. 9. The assigned reference
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Fig. 8. Switching sequence. (a) Conventional SVPWM. (b) SVPWM with
switching frequency optimization.
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Fig. 9. Relationship between modulation index m and weighting factor x.

voltage is no longer able to be accurately synthesized by a single
inverter. In this case, the ZSC of the system cannot be effectively
suppressed. Therefore, the analysis of the modulation range of
ZSC is necessary.

According to the volt-second balancing principle, (9) can be
transformed into an expression with respect to 0, x, and m. And
then ZSV output by the dual-inverter, when u[;v; is located in

sectorl (0<0.<7/3), can be obtained as

24/3
Ugoutput = | LM sin O+ V3xm — T\[m cos b | Uge-

(16)
It can be seen from (16) that different ZSV can be obtained by
adjusting different x. For m<0.5, the maximum value of ZSV can
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be obtained when the reference voltage i, gref is fully assigned to
INV1 with 2 = uaﬁref/uagref = 1. For m>0.5, the maximum
value of ZSV can be obtained when the reference voltage of
INV 1 is in critical modulation (i.e., [ulvee| =v/3/3 Udc), in this
case, x = 1/(2m). Similarly, the minimum value of ZSV can be
obtained according to the symmetry relation of the dual-inverter.
Therefore, (16) can be rewritten as

[w0output]max

Udc

Lm (\/§0050 + 3sin 6, ) m < 0.5

17
Sin(%+0e)*2fmcosﬁ m > 0.5. (172)

Udc

2‘fm cos B, m < 0.5
sin (3 +He) — g (\/gcosé’e +3sin99) m > 0.5.
(17b)

The above-mentioned analysis can be extended to the other
five sectors, then the relationship between upoutput/Udc and O
can be obtained with different m, which is presented in Fig. 10.
In Fig. 10, the range between the upper boundary of upoutput
and the lower boundary of upou¢put s called as the absolute
modulation region. It can be seen that the absolute modulation
region increases as m increases when m < 0.5 and decreases as
m decreases when m > 0.5. The maximum ZSV can be obtained
when m = 0.5, while the ZSV is compressed when the available
reference voltage of INV2 starts to increase as m continues
to increase. Moreover, it can also be noticed in Fig. 10 that,
during the absolute modulation region, the minimum value of
the upper boundary of the ZSV [ugoutputmax]min can always
be obtained at 0. = 0, 2x/3, 47/3, the maximum value of
the lower boundary of the ZSV [upoutputminlmax can always
be obtained at 6§, = 7/3, 7, 57/3. The relationship between
[MOOutputmax]mina [MOOutputmin]max and the modulation index
m is shown in Fig. 11, from which it can be seen that when m
equals 0.75, the modulable ZSV boundary is zero. At this point,
ZSC of the system cannot be effectively suppressed.

In addition, analyzing from the inverter-side, the modulated
ZSV needs to counteract the third harmonic back EMF to com-
pletely suppress ZSC. The amplitude of the third harmonic back

EMF is expressed as
Ey = 3we. (18)

In (1), neglecting the uq, voltage drop across the resistance
and dynamic term in u,, the following assumptions can be

established:
UaBref = 4/ Ud2 + uq2 = OJewl“ (19)
Combined (13) and (19), (18) can be rewritten as
2U4c this
FEy=3 X X m X (20)
’ V3 Yr

Define the ratio of the third harmonic flux linkage to the
fundamental component as k, it can be seen from (20) that the
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amplitude of the third harmonic back EMF is proportional to
m and k. Different amplitudes of the third harmonic back EMF
can be obtained with different k even in the case of the same
m. Therefore, when k is set to 0.05, 0.1, 0.166, the relationship
between the back EMF and modulation index m is presented in
Fig. 12, from which it can be seen that the back EMF becomes
larger as k increases. Thus, a maximum tolerable ratio of the third
harmonic flux linkage can be obtained that makes the modulated
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Fig. 12. Relationship between the maximum modulable ZSV and the third
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ZSV and the back EMF counteract each other. In Fig. 12, the
line of the back EMF under m<0.5 is coincident with the line
of the modulated ZSV, thus the maximum k is acquired as 0.166
when m is less than 0.5. As the modulation index m grows
beyond 0.5, the maximum tolerable & is decreased. For example,
when m increases from 0.577 to 0.652, the maximum tolerable
k is compressed from 0.1 to 0.05. From the above-mentioned
analysis, it can be concluded that the higher the third flux linkage
component in the motor, the smaller the region of ZSV that can
be modulated. For a particular OW-PMSM with a given k under
the tolerable range, a maximum m can always be expected so
that ZSC can be effectively suppressed.

IV. EXPERIMENTAL ANALYSIS

In this section, the experiments have been validated on a
1.25-kW OW-PMSM with a common dc bus. The experimental
platformis presented in Fig. 13, which is constructed on the basis
of the DSP TMS320F28335 chip. Two control units shown in the
upper left corner of Fig. 13 are utilized to drive the OW-PMSM
and loading motor. The dc bus voltage is 220 V and the detailed
parameters of the motor are shown in Table II. The control
frequency is set as 15 kHz.

A. Steady-State Results

First, in order to test the feasibility of the proposed ZSC
suppression strategy, an experimental comparison of ZSC sup-
pression is conducted with the conventional DPCC without
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TABLE II
OW-PMSM PARAMETERS

Parameters Value Parameters Value
Uae(V) 220 i (Wb) 0.0059
R(Q) 1.8 Py(kW) 1.25

Ly (mH) 6.6 Tx (Nem) 5
Ly (mH) 6.6 ny (r/min) 2000
Ly (mH) 5.6 AkHz) 15
wr (Wb) 0.325

redistributed reference voltage. In the conventional DPCC, the
reference voltage is equally distributed to the dual-inverter. The
experimental results with the speed of 500 r/min and rated
load 5 N-m are shown in Fig. 14, from which it can be seen
that the phase current of the conventional DPCC without ZSC
suppression has undergone severe distortion and the ZSC ripple
has reached +2.5 A. The larger ZSC would increase the extra
loss, which is not favorable for the long-term operation of the
motor. Fortunately, after applying the proposed method with
ZSC suppression, the ZSC ripple is reduced from £2.5 to
+0.1 A. As aresult, a standard sinusoidal phase current can be
obtained. As the ZSC is suppressed, the electromagnetic torque
ripple is reduced from +0.25 to +0.05 N-m, resulting in a smooth
torque output.
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Fig. 16.  Switching pulses of the upper bridge arm for dual-inverter.

Fig. 15 gives the phase current THD and harmonic analysis
within two methods. As the main component of current har-
monics, the third harmonic that constitutes the ZSC must be
restrained and eliminated in the OW-PMSM with a common dc
bus. It can be seen in Fig. 15 that, with the suppression of ZSC,
the phase current THD is reduced from 58.50% to 4.17%, in
which the third harmonic component is effectively suppressed
from 58.09% to 2.17%.

Fig. 16 gives the switching pulses of the upper bridge arm
for dual-inverter, from which it can be seen that, due to the
abandonment of the zero VV u7(111), one-phase switching tubes
are always clamped at O for a given control period. As a result,
the switching frequency of the dual-inverter can be effectively
reduced by 33% with respect to the conventional SVPWM,
which is consistent with the theoretical analysis of Module B.

In addition, to demonstrate comprehensively the proposed
method, the comparative experiments with the modulation strat-
egy in [25] (named Method 1), [26] (named Method 1I), [12]
(named Method III), and the proposed method are implemented.
The comparison of phase current THD at rated load 5 N-m and
full-speed conditions (500, 1000, 1500, 2000 r/min) is demon-
strated in Fig. 17, from which it can be seen that the phase current
THD of the Method I is relatively high due to the application
of the unilateral four-segment-mode. Comparatively, the phase
current THD of the other three methods during the full-speed
range is at a lower level. In addition, at low- and medium-speed

Harmonic analysis. (a) Conventional DPCC without ZSC suppres-
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Fig. 17.  Comparison of current THD within four methods.

intervals, the phase current THD of the Method II is the lowest
among the four methods. The reason for this is that the VV
acting at low speed is mainly zero VV, and the nonzero VV
has a shorter duration of action. Thus, there is enough time for
allocating the zero VV u((000) and u7(111) to suppress the ZSC
for good steady-state performance during one control period.
However, at high-speed intervals, the duration of nonzero VV is
extended, and the remaining space for allocating the zero VV is
compressed or even under-allocated, so the phase current THD
of the four methods are gradually close to each other.

Fig. 18 demonstrates the steady-state waveforms for the four
methods at a rated speed 2000 r/min with a rated load 5 N-m.
On the one hand, the SVPWM technique is employed by both
methods III and the proposed method, which produces a higher
switching frequency than methods I and II. The multiple switch-
ing of VV generates more dead zones for the inverter. However,
ZSV generated by the dead-zone effect is not considered in this
article, which leads to the relatively higher ZSV in methods III
and the proposed method. Thus, alower ripple of ZSC is obtained
in methods I and II. Nevertheless, the ZSC of the system is
well-suppressed within all four methods. For example, with the
motor running at the rated speed of 2000 r/min and the rated
load of 5 N-m, the ZSC ripple of the proposed method is only
£0.2 A. On the other hand, the zero VV reallocation strategy is
both used in methods I and II. The application of the zero VV
u7(111) in the modulation process would cause a relatively high
CMYV, which further induces shaft current as well as jeopardizes
motor operation. The CMV from the four methods are shown at
the bottom of Fig. 18. It can be seen that the CMV maximum
of methods I and II are around 140 and 115 V, while the CMV
maximum of methods Il and the proposed method are controlled
to be about 70 V. The discard of zero VV u7(111) greatly reduces
the CMV of the system, which is important for the long-term
operation in high-power OW-PMSM.

Fig. 19 illustrates the waveforms of the weighting factor x at
full-speed condition and rated load 5 N-m. It can be seen from
Fig. 19 that the weighting factor x always fluctuates between
0.35 and 0.65 at both low- and high-speed conditions, which
satisfies O<x<1. The over-modulation phenomenon does not
occur. However, when the modulation index m is greater than
the maximum allowable modulation index of 0.75, ZSV cannot
be accurately generated. Fig. 20 illustrates the current waveform
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when m is 0.8, from which it can be seen that the phase current is
distorted in this case and the ripple of the dg-axes current shows
an increase in varying degrees. In addition, the ZSC ripple is

Method I ——

-¢—————Method IIl ————>[+—— Proposed method —|

Steady-state performance with a rated load of 5 N-m and the speed of 2000 r/min.

increased from £0.1 to =1 A. ZSC cannot be effectively sup-
pressed, which is limited by the ZSV modulation. Fortunately,
the over-modulation can be compensated by using a larger dc
bus voltage, which provides a wider modulation range.

B. Dynamic Results

The dynamic speed response waveforms of the four methods
when the speed suddenly increases from 1000 to 1500 r/min
with a rated load 5 N-m are demonstrated in Fig. 21, from
which it can be seen that, under the sudden change of speed,
all the four methods present good speed response-ability, and
the real speed can track the reference value rapidly. However,
due to the hysteresis of the PI regulator and the limitation of
bandwidth, the speed up-time of Method I1I has reached 170 ms,
which is slightly higher than the 160 ms of the other three
methods.

Fig. 22 illustrates the dynamic variable load waveforms when
the load suddenly changes from 3 to 5 N-m at the speed of
1000 r/min. It can be seen that, when the load is changed abruptly,
the g-axis current iy is able to quickly track its reference iqyer
without static difference for four methods. Besides, similar to
the dynamic performance as in the case of variable speed, the
rise time of the current from dynamic to steady-state is about
130 ms within methods I, II, and the proposed method, whereas
the rise time of the current in Method III is increased to 180 ms.

From the above-mentioned dynamic experiments with vari-
able speed and load, it can be seen that a better dynamic perfor-
mance is obtained in the proposed method.

C. Program Execution Time

Good dynamic and steady-state properties are essential per-
formance metrics for a given control method, however, an ex-
tremely short program execution time is beneficial to enhance
the implementation efficiency of the designed controller. The
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TABLE III
COMPARISON OF PROGRAM EXECUTION TIMES FOR THE FOUR METHODS
Control Proposed
method Method 1 Method 1T Method II1
method
Execution
. 31.05 us 35.82 us 31.9us 29.17us
time

SWPWM module, as the most important part of the DPCC, is
relatively time-consuming to implement. Therefore, simplifying
the modulation strategy in DPCC as much as possible is promi-
nent to reduce the amount of computation. The comparison of
the computational burden of the four control methods is shown
in Table I1I. It can be seen in Table III that the program execution
time of Method II has reached 35.82 us due to the complexity of
the four-segment-mode-based modulation strategy, which is the
most time-consuming among the four methods. However, only
one weighting factor x needs to be resolved without significantly
increasing the complexity of SVPWM, the computational bur-
den of the proposed method can be further reduced compared to
the other three methods.

V. CONCLUSION

In this article, a simple DPCC method is put forward for OW-
PMSM drives with a common dc bus. The effectiveness and
superiority have been experimentally verified in a 1.25-kW OW-
PMSM. The main contributions of this work can be summarized
as follows.

1) A reference voltage redistribution strategy is put forward,
which keeps the ZSV and the third harmonic back EMF
always in dynamic balance. As a result, ZSC can be
completely suppressed. Besides, the CMV, which jeopar-
dizes the long-term operation of the motor, can be further
reduced by omitting the modulation of u7(111).

2) The switching frequency of the dual-inverter is effectively
reduced by 33% compared to conventional SVPWM with
six-time switching action.

3) Compared with the PI or PIR controller, the proposed
DPCC can avoid the tedious and time-consuming param-
eter adjustment work, and a better dynamic performance
can be obtained. In addition, the computational burden
of the system is further reduced compared to the existing
methods.

REFERENCES

[1] S. Li and Z. Liu, “Adaptive speed control for permanent-magnet
synchronous motor system with variations of load inertia,” IEEE
Trans. Ind. Electron., vol. 56, no. 8, pp.3050-3059, Aug. 2009,
doi: 10.1109/TIE.2009.2024655.

[2] H. Kim, J. Son, and J. Lee, “A high-speed sliding-mode observer for the
sensorless speed control of a PMSM,” IEEE Trans. Ind. Electron., vol. 58,
no. 9, pp. 4069—4077, Sep. 2011, doi: 10.1109/TIE.2010.2098357.

[3] X. Zhang, L. Sun, K. Zhao, and L. Sun, “Nonlinear speed control for
PMSM system using sliding-mode control and disturbance compensation
techniques,” IEEE Trans. Power Electron., vol. 28, no. 3, pp. 1358-1365,
Mar. 2013, doi: 10.1109/TPEL.2012.2206610.

7373

[4] S. Morimoto, K. Kawamoto, M. Sanada, and Y. Takeda, “Sensorless
control strategy for salient-pole PMSM based on extended EMF in rotating
reference frame,” IEEE Trans. Ind. Appl., vol. 38, no. 4, pp. 1054-1061,
Jul./Aug. 2002, doi: 10.1109/TIA.2002.800777.

[5] J. Ewanchuk, J. Salmon, and C. Chapelsky, “A method for supply voltage
boosting in an open-ended induction machine using a dual inverter system
with a floating capacitor bridge,” IEEE Trans. Power Electron., vol. 28,
no. 3, pp. 1348-1357, Mar. 2013, doi: 10.1109/TPEL.2012.2207741.

[6] H. Zhan, Z.-Q. Zhu, and M. Odavic, “Analysis and suppression of zero
sequence circulating current in open winding PMSM drives with com-
mon DC bus,” IEEE Trans. Ind. Appl., vol. 53, no. 4, pp. 3609-3620,
Jul./Aug. 2017, doi: 10.1109/TIA.2017.2679678.

[7]1 X.Zhang and K. Wang, “Current prediction based zero sequence current
suppression strategy for the semicontrolled open-winding PMSM genera-
tion system with a common DC bus,” IEEE Trans. Ind. Electron., vol. 65,
no. 8, pp. 6066-6076, Aug. 2018, doi: 10.1109/TIE.2017.2784353.

[8] S.Liu,C.Liu,Y.Huang, and H. Zhao, “Model predictive two-target current
control for OW-PMSM,” IEEE Trans. Power Electron., vol. 36, no. 3,
pp. 3224-3235, Mar. 2021, doi: 10.1109/TPEL.2020.3016714.

[9] N. Chai and W. Hu, “A fault-tolerant scheme against the open-switch
failure in open-end winding PMSM system with isolated DC bus,”
IEEE Trans. Energy Convers., vol. 38, no. 3, pp. 2227-2230, Sep. 2023,
doi: 10.1109/TEC.2021.3115975.

[10] Y. Chen, X. Wang, X. Meng, M. He, D. Xiao, and Z. Wang, “A universal
model predictive control strategy for dual inverters fed OW-PMSM drives,”
IEEE Trans. Power Electron., vol. 38, no. 6, pp. 7575-7585, Jun. 2023,
doi: 10.1109/TPEL.2023.3260305.

[11] C. Sun, D. Sun, Z. Zheng, and H. Nian, “Simplified model predictive
control for dual inverter-fed open-winding permanent magnet synchronous
motor,” IEEE Trans. Energy Convers., vol. 33, no. 4, pp. 1846-1854,
Dec. 2018, doi: 10.1109/TEC.2018.2841012.

[12] W. Hu, H. Nian, and D. Sun, “Zero-sequence current suppression strategy
with reduced switching frequency for open-end winding PMSM drives
with common DC bus,” IEEE Trans. Ind. Electron., vol. 66, no. 10,
pp. 7613-7623, Oct. 2019, doi: 10.1109/TIE.2018.2881945.

[13] Y. Kawabata, M. Nasu, T. Nomoto, E. C. Ejiogu, and T. Kawabata, “High-
efficiency and low acoustic noise drive system using open-winding AC mo-
tor and two space-vector-modulated inverters,” IEEE Trans. Ind. Electron.,
vol. 49, no. 4, pp. 783-789, Aug. 2002, doi: 10.1109/TIE.2002.801059.

[14] V.T.Somasekhar et al., “PWM inverter switching strategy for a dual two-
level inverter fed open-end winding induction motor drive with a switched
neutral,” /IEE Proc.-Electric Power Appl., vol. 149, no. 2, pp. 152-160,
2002.

[15] V. T. Somasekhar et al., “Dual two-level inverter scheme for an open-
end winding induction motor drive with a single DC power supply and
improved DC bus utilisation,” IEE Proc.-Electric Power Appl., vol. 151,
no. 2, pp. 230-238, 2004.

[16] Y. Zhou and H. Nian, “Zero-sequence current suppression strategy of
open-winding PMSG system with common DC bus based on zero vector
redistribution,” IEEE Trans. Ind. Electron., vol. 62, no. 6, pp. 3399-3408,
Jun. 2015, doi: 10.1109/TIE.2014.2366715.

[17] Q. An,J. Liu, Z. Peng, L. Sun, and L. Sun, “Dual-space vector control of
open-end winding permanent magnet synchronous motor drive fed by dual
inverter,” IEEE Trans. Power Electron., vol. 31, no. 12, pp. 8329-8342,
Dec. 2016, doi: 10.1109/TPEL.2016.2520999.

[18] W. Hu, H. Nian, and T. Zheng, “Torque ripple suppression method with
reduced switching frequency for open-winding PMSM drives with com-
mon DC bus,” IEEE Trans. Ind. Electron., vol. 66, no. 1, pp. 674-684,
Jan. 2019, doi: 10.1109/TIE.2018.2833803.

[19] W.Hu, C. Ruan, H. Nian, and D. Sun, “Zero-sequence current suppression
strategy with common-mode voltage control for open-end winding PMSM
drives with common DC bus,” IEEE Trans. Ind. Electron., vol. 68, no. 6,
pp. 4691-4702, Jun. 2021, doi: 10.1109/TIE.2020.2988221.

[20] C. Liu and J. Shang, “Three-dimension space vector based finite control
set method for OW-PMSM with zero-sequence current suppression and
switching frequency reduction,” IEEE Trans. Power Electron., vol. 36,
no. 12, pp. 14074-14086, Dec. 2021, doi: 10.1109/TPEL.2021.3087015.

[21] X. Zhang and C. Zhang, “Model predictive control for open wind-
ing PMSM considering dead-zone effect,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 11, no. 1, pp.874-885, Feb. 2023,
doi: 10.1109/JESTPE.2022.3207186.

[22] L.Cheng, H.Jianhui, and S. Jing, “Dual-vector predictive current control of
open-end winding PMSM with zero-sequence current hysteresis control,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 10, no. 1, pp. 184—195,
Feb. 2022, doi: 10.1109/JESTPE.2021.3079638.


https://dx.doi.org/10.1109/TIE.2009.2024655
https://dx.doi.org/10.1109/TIE.2010.2098357
https://dx.doi.org/10.1109/TPEL.2012.2206610
https://dx.doi.org/10.1109/TIA.2002.800777
https://dx.doi.org/10.1109/TPEL.2012.2207741
https://dx.doi.org/10.1109/TIA.2017.2679678
https://dx.doi.org/10.1109/TIE.2017.2784353
https://dx.doi.org/10.1109/TPEL.2020.3016714
https://dx.doi.org/10.1109/TEC.2021.3115975
https://dx.doi.org/10.1109/TPEL.2023.3260305
https://dx.doi.org/10.1109/TEC.2018.2841012
https://dx.doi.org/10.1109/TIE.2018.2881945
https://dx.doi.org/10.1109/TIE.2002.801059
https://dx.doi.org/10.1109/TIE.2014.2366715
https://dx.doi.org/10.1109/TPEL.2016.2520999
https://dx.doi.org/10.1109/TIE.2018.2833803
https://dx.doi.org/10.1109/TIE.2020.2988221
https://dx.doi.org/10.1109/TPEL.2021.3087015
https://dx.doi.org/10.1109/JESTPE.2022.3207186
https://dx.doi.org/10.1109/JESTPE.2021.3079638

7374

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

S. Chen, W. Ding, X. Wu, R. Hu, and S. Shi, “Finite position set-phase-
locked loop with low computational burden for sensorless control of
PMSM drives,” IEEE Trans. Ind. Electron., vol. 70, no. 9, pp. 9672-9676,
Sep. 2023, doi: 10.1109/TIE.2022.3215457.

M. S. R. Saeed, W. Song, B. Yu, Z. Xie, and X. Feng, “Low-complexity
deadbeat model predictive current control for open-winding PMSM drive
with zero-sequence current suppression,” IEEE Trans. Transp. Electrific.,
vol. 7, no. 4, pp. 2671-2682, Dec. 2021, doi: 10.1109/TTE.2021.3071471.
X. Zhang, H. Zhang, and K. Yan, “Hybrid vector model predictive control
for open-winding PMSM drives,” IEEE Trans. Transp. Electrific., to be
published, doi: 10.1109/TTE.2023.3308570.

X. Zhang and H. Zhang, “Bilateral four-segment-mode model
predictive control for open-winding PMSM drives,” IEEE Trans.
Power Electron., vol. 38, no. 11, pp.14410-14422, Nov. 2023,
doi: 10.1109/TPEL.2023.3305294.

S. Wang, S. Zhang, C. Zhang, X. Li, and Y. Dong, “An improved modula-
tion scheme with better performance for open-winding permanent magnet
synchronous motors drives,” IEEE Trans. Energy Convers., vol. 38, no. 2,
pp. 1376-1386, Jun. 2023, doi: 10.1109/TEC.2022.3228544.

X. Yuan, C. Zhang, and S. Zhang, “A novel deadbeat predic-
tive current control scheme for OEW-PMSM drives,” IEEE Trans.
Power Electron., vol. 34, no. 12, pp. 11990-12000, Dec. 2019,
doi: 10.1109/TPEL.2019.2904387.

X.Lin, W. Huang, and L. Wang, “SVPWM strategy based on the hysteresis
controller of zero-sequence current for three-phase open-end winding
PMSM,” IEEE Trans. Power Electron., vol. 34, no. 4, pp. 3474-3486,
Apr. 2019, doi: 10.1109/TPEL.2018.2856372.

J. Kalaiselvi and S. Srinivas, “Bearing currents and shaft voltage reduction
in dual-inverter-fed open-end winding induction motor with reduced CMV
PWM methods,” IEEE Trans. Ind. Electron., vol. 62, no. 1, pp. 144-152,
Jan. 2015, doi: 10.1109/TIE.2014.2336614.

A. K. Datta, M. Dubey, and S. Jain, “Effect of static power supply
in alternator used for short-circuit testing-observation of shaft voltage,”
IEEE Trans. Power Electron., vol. 29, no. 11, pp. 6074-6080, Nov. 2014,
doi: 10.1109/TPEL.2014.2300185.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

‘n

i

Han Zhang was born in Anhui, China, in 1998. He re-
ceived the B.S. degree in electrical engineering from
the Chizhou University, Chizhou, China, in 2021.
He is currently working toward the M.S. degree in
electrical engineering at North China University of
Technology, Beijing, China.

His current research interest focuses on ac motor
drives.

Xiaoguang Zhang (Senior Member, IEEE) received
the B.S. degree in electrical engineering from the
Heilongjiang Institute of Technology, Harbin, China,
in 2007, and the M.S. and Ph.D. degrees in electrical
engineering from the Harbin Institute of Technology,
in 2009 and 2014, respectively.

He is currently a full Professor with the North
China University of Technology, and the Director
of Beijing Power Electronics and Electrical Trans-
mission Engineering Research Center. From 2012 to
2013, he was a Research Associate with Wisconsin

Electric Machines and Power Electronics Consortium (WEMPEC), University
of Wisconsin—-Madison, Madison, WI, USA. He has authored or coauthored
more than 100 technical papers in the area of motor drives.

Dr. Zhang is serving as an Associate Editor of IEEE TRANSACTIONS ON
ENERGY CONVERSION and IET POWER ELECTRONICS. His current research
interests include power electronics and electric machines drives.


https://dx.doi.org/10.1109/TIE.2022.3215457
https://dx.doi.org/10.1109/TTE.2021.3071471
https://dx.doi.org/10.1109/TTE.2023.3308570
https://dx.doi.org/10.1109/TPEL.2023.3305294
https://dx.doi.org/10.1109/TEC.2022.3228544
https://dx.doi.org/10.1109/TPEL.2019.2904387
https://dx.doi.org/10.1109/TPEL.2018.2856372
https://dx.doi.org/10.1109/TIE.2014.2336614
https://dx.doi.org/10.1109/TPEL.2014.2300185


<<
  /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


