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Vector Control of Double-Delta Sourced Winding for
a Dual-Winding Induction Machine
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Abstract—Ripple currents can be mitigated in motor drives by
applying double-delta sourced winding (DDSW), which uses a mul-
tilevel operation approach with two-level converters. In practice, a
dual-winding induction machine (DWIM) has been considered for
this application due to its inherent compatibility with DDSW. The
modeling of a DDSW-based DWIM is discussed for vector control,
and a decoupling method between converters is proposed to im-
prove the dynamic response of the current regulation. In addition,
torque control is discussed for a situation in which one of the con-
verters is dropped out. The effectiveness of the proposed methods is
assessed via experiments under low switching frequencies because
DDSW is appropriate for high-power applications, where multiple
windings are essential. It was confirmed that the total harmonic
distortion of the converter currents was decreased by 67.7% when
an 11-kW DWIM was driven on the basis of DDSW. Furthermore,
the bandwidth of the current regulation could be increased by
113.7% owing to the proposed decoupling method.

Index Terms—Double delta, fault, induction machine, multilevel,
vector control.

I. INTRODUCTION

HE double-delta sourced transformer (DDST) was pro-
T posed to mitigate ripple currents through multilevel op-
erations [1]. This topology is based on the fact that multiple
windings are essential for power sharing in high-power systems
[2]-[4]. In particular, induction machines are mainly used in
large-scale industrial drives and are broadly classified accord-
ing to their starting methods [5]-[7]. One type uses a series
winding connection for starting and a parallel winding con-
nection for normal operation. The induction machine for this
starting method is known as a dual-winding induction machine
(DWIM) and is deemed an appropriate candidate for use with
double-delta sourced winding (DDSW).

A vector control scheme should be discussed for a DWIM be-
cause it is essential for high-performance drives [8]-[10]. The
conventional modeling of DWIM may be helpful for vector con-
trol in DDSW schemes [11], [12]. However, the stator windings

Manuscript received February 19, 2016; revised May 17, 2016 and July 20,
2016; accepted July 30, 2016. Date of publication August 30, 2016; date of
current version January 18, 2017. Paper 2016-IDC-0184.R2, presented at the
2015 9th International Conference on Power Electronics and ECCE Asia, Seoul,
South Korea, June 1-5, and approved for publication in the IEEE TRANSACTIONS
ON INDUSTRY APPLICATIONS by the Industrial Drives Committee of the IEEE
Industry Applications Society.

Y. Park is with the Gwangju Institute of Science and Technology, Gwangju
61005, South Korea (e-mail: yongsoon @gist.ac.kr).

J.-M. Yoo is with the Yura Corporation R&D Center, Seongnam-si 463-742,
South Korea (e-mail: jeongmock @eepel.snu.ac.kr).

S.-K. Sul is with the Seoul National University, Seoul 151-742, South
Korea (e-mail: sulsk@plaza.snu.ac.kr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/T1A.2016.2604313

of induction machines are generally assumed to be wye con-
nected in the literature, whereas they must be delta connected
in DDSW schemes. Hence, by considering the delta connec-
tion, the electrical modeling of a DWIM is newly derived with
respect to converter currents as opposed to winding currents.
Accordingly, torque, flux, and slip equations are detailed for
vector control of the DWIM for which DDSW is applied.

In addition, decoupling control between converters should be
discussed with regard to current regulation. That is, every wind-
ing in DDSW is simultaneously affected by both converters.
Although this can lead to better harmonic properties in combi-
nation with interleaving [1], [13], it increases the design com-
plexity with reference to the current regulation when compared
to cases in which dual-stator windings are separately driven [14].
For simple implementation and better dynamics, it is desirable
to minimize any voltage/current couplings in the current reg-
ulation. In this paper, a novel decoupling method is proposed
for which the voltage equation of a DDSW-based DWIM is
rewritten.

Meanwhile, in DDSW, if one of the converters is dropped out
for any reason, it would be desirable to continuously keep the
other converter working. If one converter cannot operate due to
a fault, it is isolated from the system by the opening of breakers
[15]. Thus, under this form of single-converter operation, dif-
ferent modeling should also be derived for vector control. Even
if the remaining converter solely deals with the series windings,
it can operate with an identical dc-link voltage under its normal
current limit. The harmonic property of the currents under this
form of single-converter operation is shown as well.

All of the proposed methods are evaluated with a small-scale
induction machine, which is a commercial product designed for
dual-voltage sources, specifically 220/440 V. In the experimen-
tal results, the characteristics of DDSW are clearly confirmed
at winding voltages and converter currents. It is also assessed
whether the torque is regulated as intended through the vec-
tor control scheme. In addition, the effects of the decoupling
method are discussed when torque references vary in a stepwise
manner.

II. DOUBLE-DELTA SOURCED WINDING

In Fig. 1(a), electrical connections are shown when DDSW
is applied to motor drives. For simplicity, the magnetic cou-
pling between the rotor and stator windings is depicted as a
rotary transformer [16]. The influence of converters can be
better understood when only the stator windings are consid-
ered, as shown in Fig. 1(b) [1]. In this figure, the three-phase
outputs from two converters are connected to the “abc” and
“rst” nodes, and the pairs of windings with identical back
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Fig. 1. Circuit diagrams when DDSW is applied to motor drives: (a) Motor
and converters connection and (b) stator windings only.
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Fig. 2. Winding voltage in the conventional structure.

electromotive forces (EMFs) are separated by the Greek letters
“afv.” Thus, it can be inferred that each winding is affected by
both of the converters. In other words, the pulse width modula-
tion (PWM) of one converter affects all of the winding voltages
simultaneously. Therefore, the harmonic distortions of the wind-
ing currents could be improved by appropriately adjusting the
PWM combination for both converters.

The effect of DDSW can be clearly demonstrated by com-
paring the voltage and current of the conventional structures,
shown in Figs. 2 and 4 with those in Figs. 3 and 5. Hereafter, the

Fig. 3.

Fig. 4. Converter currents in the conventional structure.
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Fig. 5. Converter currents in DDSW.

conventional structure refers to the case where each three-phase
delta winding is galvanically isolated when driving [1]. In ad-
dition, the phase difference between the PWM carriers of each
converter was set to 180° for both the conventional structure and
DDSW.

At first, the winding voltages of a; (see Fig. 1) are shown
in Figs. 2 and 3 according to the winding structures when an
11-kW DWIM is driven with no load at the rated speed. By
comparing the figures, it is easily recognized that the voltage
level is increased by DDSW, as in the case of DDST [1]. The
property of the winding voltages is reflected directly into the
converter currents, as shown in Figs. 4 and 5. While the fun-
damental currents are around 12.6 A for both figures, the total
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Fig. 6. Conceptual winding structure of a two-pole DWIM for DDSW.

harmonic distortion (THD) of the current is decreased by 67.7%,
from 31.5% to 10.2%, by means of DDSW. When considering
DDST [1], even if the interleaving effect is nearly identical on
the rotor side for both the conventional structure and DDSW,
it is very different on the stator side. This improvement on the
stator side originates from the different winding structure and
can contribute to higher conversion efficiency by mitigating the
harmonics.

The back EMFs induced on aq, 3, and ~; are ideally ex-
pected to be identical to those on «s, (35, and 2, respectively.
In other words, two sets of the three-phase windings are identical
in terms of their influence on the rotating flux. The equivalent
two-pole machine can, thus, be modeled for a DWIM, as shown
in Fig. 6. Because this machine does not correspond to the case
of a split phase belt [17], [18], the mutual coupling between the
leakage inductances could be neglected.

III. MODELING OF A DWIM FOR DDSW

Each winding of a DWIM has an identical voltage rating.
Therefore, the rated voltage of a DWIM in a series connection
would be twice that in parallel connection. For example, in
Fig. 6, if the windings of ap; and ap, are series connected for
440 V, their parallel connection would be used for 220 V. That
is, a commercial 220-/440-V DWIM can be used for DDSW.

The magnetic couplings among the stator and the rotor wind-
ings are derived as (1) by the principle described in the literature

[8]

)"ozl ial _ial + ia2_ iar
Ag1 = Ly iﬁl + LmsAm iﬁl + 132 + LinsTrs | ibr
_}L'yl | _iqfl ] _i'yl + i'y? ] _icr i
(1-a)
_)"(12_ -1a2_ _ial + ioc?_ _iar_
)“32 = Lls iﬂQ + LmsAm 131 + iHQ + LmsTrs ibr
_)L'y? | _i')/2 | _iw’l + i'y 2 ] _icr i
(1-b)
)"ar iar ia 1+ ia 2
)\br - (Llr +LmsAm) ibr +LmsTsr iﬂl + iﬂ? . (l-C)
)\-cr i(:r iﬂ,l + i~/2

Here, Ljs and L, are the leakage inductances of the stator
and rotor windings, respectively. In addition, L, is the mutual
inductance. The unexplained matrices in (1) are shown as

1 —1/2 -1/2
Aw = |-1/2 1  —1/2 (2-a)
—1/2 —1/2 1
i 2 2
cos 0, cos (Gr + ?ﬂ) cos | 0, — %
2 2
T,, = | cos| 6, ?F cos 0, cos | 0, + ?ﬂ
2 2
cos | 0, + ?ﬂ- cos (HY ?ﬂ-) cos 0,
(2-b)
_ 9 9\ T
cos 0, cos (Hr %) cos (Hr + %)
Tor = cos | 0, + 2 cos 0, cos (| 0, — 2 (2-0)
3 3
2 2
cos | 0, — ?ﬁ cos (0,» + %) cos 0, |

where 0, is the rotor angle, which is defined in Fig. 6.

The flux equation in (1) pertains to the winding currents.
However, it is more practical to consider the converter currents
than the winding currents because current sensors for the current
regulation are commonly installed in the converters. Equation
(3) is derived from Fig. 1(b) by Kirchhoff’s current law

la = 1a1 — 1y2

i, =ig1 — a2 (3-a)
Ie = 1y1 —1p2
ir = i(y? - i'yl
iy =g — a1 - (3-b)

iy = 1y0 — g1
When considering (3), (1) can be rearranged into the form of
(4) by subtraction between the fluxes

Aa W] 4 iy i, i,
)‘-b = Lls i’b + §Lms ib + is + LmsTrs iV (4-3)
)"c_ _ic ic + it ivv
)\r_ _lr 3 la + ir iu
)\s - Lls is + 7Lms ib + is + LmsTrs iv (4'b)
. 2 . . .
)\'t_ 1t 1o + 1t 1w
A | 3 iy i, + i,
)\'V - (Llr + 2Lms> iV + LmsTsr ib + is (4'0)
)\'W_ iW ic + it
iu iar - icr
iv = ibr - iar (5)
iW icr - iblr

A new definition of rotor currents can be derived as (5)
through their subtractions to maintain the consistency between
(1) and (4). That is, (4) can be regarded as a fictitious model
of a DWIM as a control. In terms of converter currents, the
voltage equation of a DDSW-based DWIM would be com-
pletely derived if the resistance drop is added to the time
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differential of (4). Initially, the winding voltages are expressed
with the converter voltages as in (6) by the superposition
principle [1]

Val = Vae = Vse

Vg1 = Vbe — Vie (6-a)
Vy1 = Vee — Vre
Va2 = Ve = Vbe
Vp2 = Vse — Vee - (6'b)
Vy2 = Vie = Vae

In these equations, the subscript “e” represents the effective
converter voltage without common-mode components, and the
sum of the three-phase effective voltage is null. The influence of
common-mode components can be disregarded for the current
regulation [19].

The voltage equation can be derived with (7) through sub-
traction, similar to the flux in (4)

Vaf Val = Vy2 1a d Aa
Vhi| = Va1 — Va2 | =Rs [Ib| + 7 Ab
Ver [ Vy1 — Vg2 I Ac
2Vae + Vre
= 2Vhe + Ve (7-a)
_2Vcc + Vte
Vit Va2 — Vy1 ir d Ay
Vst - Vo — Va1 | = Rs | + a S
Vif [ Va2 — V51 I At
2Vie + Vae
= |2V + Vpe (7-b)
_2Vtc + Vee
Vu Var — Ver iu )‘u
Vi | = |[Vpr —Var| =Ry iy | + 7 Ay (7-c)
Vi _Vcr — Vbr Ly A‘VV

where Ry and R, are the stator and rotor winding resistances,
respectively.

With the concept of the complex space vector [8], the three-
phase variables in (4) and (7) are presented as rotating vectors
on a plane. In addition, these complex vectors can be considered
in the rotating reference frame, which rotates with an arbitrary
rotating frequency, w. Then, (8) can be obtained from (4) while
(9) can be determined from (7)

qusl = Lsqusl + L (;dqs2 + qur) (8-a)
qus? = LsqusQ + Lm (ilqsl + Iadqr) (S'b)
qur = erdqr + Lm (?dqsl + i_:iqs,Q) (S'C)
. - d - R
Vdgsl = Rsldqsl + %Adqsl +Jw - )‘«lqsl (9-a)
o - d - -
Vdgs2 = RslquQ + %Adqﬂ +Jw- A«dqs? (9'b)
S - d - . -
Vdqr = erdqr + *)\dqr + ](w - Wr) : )\dqr (9'C)

dt

F
Vdr
+
1gs2 E Lm Var
Vgs2
o )

Fig. 7. Equivalent d-q model of a DDSW-applied DWIM.

where L, is equal to 1.5-L,. In addition, L is the sum of Ly
and L, and L, is the sum of Ly, and L,,. To prevent confusion
due to the presence of several three-phase voltages in (7), it
should be noted at (9) that V41 is the complex space vector
from vy, vy, and ver in (7). This also applies to Vg2 from
Vif, Vg, and vir. As an example of the complex space vector,
Vdqs1 Tepresents vag, + Jjvgsi-

On the basis of (9), the equivalent circuit of the DWIM with
DDSW can be depicted as shown in Fig. 7 in the arbitrary
rotating reference frame, identical to those of a DWIM in the
literature [11]. However, the ratings of the currents, voltages,
and fluxes must be discussed further for the complete modeling
of a DDSW-based DWIM.

As is well known with regard to induction machines, the d-
axis rotor flux and the slip frequency are respectively derived as
(10) and (11) from (9) if the synchronously rotating d-q axis is
set such that the g-axis rotor flux is null. This also means that w
in (9) is set as the synchronously rotating speed

L
Ay = ——— (lgs iqs 10
d 1+s~Lr/Rr(1M+1d?) (10)
Rr Lm . .
wslzw—wr:L—Al <1q51—|—1q32) (]1)

where “s” indicates the Laplace operator.

Pertaining to the rotor flux and the slip frequency, their equa-
tions with respect to the converter current have the formats iden-
tical to those of the winding currents. However, the magnitude
of the converter currents is v/3 times that of the winding currents
when considering (3). The rated rotor flux in the converter-based
model then becomes /3 times that in the winding-based model.
This has to be recognized as a scale difference between the
modeling methods. As mentioned earlier, a fictitious plant was
assumed to derive the flux and voltage equations in terms of the
converter currents.

The scale difference also appears to arise for the slip fre-
quency in (11) due to the g-axis currents. However, because
the rotor flux in the denominator offsets the scale difference
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of the g-axis currents, the magnitude of the slip frequency is
identical in both of the winding-based and the converter-based
models.

In addition, the torque equation can be derived from the power
equation, where the products of the voltages and currents in (9)
are summed. Specifically, the electrical power of the DDSW-
based DWIM, P, can be expressed as

o % o 2 o %
PC =T * Re[qusJ ! 1dqsl + Vdgs2 - 1dqs2 + Vdqr - 1dqr] (12)

where the asterisk “x” represents the complex conjugate, and
M 18 introduced for scaling.

After eliminating copper losses and the varying energy of
the inductances [8], the component related to the torque can be
separated. Thus, the torque equation can be derived as

1PL,

e — igfr . )‘dr(iqsl +iq82)~

(13)

Because the rotor flux and the g-axis current in the
converter-based model are \/3 times their counterparts in the
winding-based model, 7, must be 1/2 for a consistent power
dimension.

As is widely known in the literature [8], vector control for
a DDSW-based DWIM can also be achieved by adjusting the
d-q currents when considering (10) and (13). Specifically, the
d-axis currents are effective when used to modulate the rotor
flux, while the g-axis currents can be used to modulate the
torque. In addition, the synchronous frequency can be obtained
from the sum of the slip frequency from (11) and the rotating
frequency w.

IV. DECOUPLING METHOD FOR CURRENT REGULATION

Regulation of the converter currents is essential because the
torque and flux are modulated by regulating these currents.
However, this regulation is not simple because multiple cou-
plings between the converters exist in terms of the voltage and
current.

Initially, voltage coupling should be considered, which can
be understood with (7). In the equation, each converter current
is affected by two effective voltages, denoted by the subscript
“e,” from different converters. That is, current regulation of one
converter cannot be achieved without considering the output of
the other converter. This fact is confusing when designing the
current regulation because six phases appear to be considered
together.

This voltage coupling problem can be solved by adding an
intermediate stage. According to (7), the “abc” current is only
affected by v,¢, v, and v¢r, while the “rst” current is affected
by vy, vy, and vir. That is, in terms of these intermediate
voltages, current regulators can be separately designed as if
each converter is operating independently. After the regulators
compute the references into intermediate voltages, they can
be translated into the actual voltage references for each con-
verter. This translation can be derived from (7) as (14) in the d-q

reference frame

2 2
2 cost, cos <0r — 3> cos <9r + 3)

Tp = -
2 2
—sinf, —sin <9r — ;) —sin <9r + ;)
(14-a)
_Vaf 2Vae F Vye
|:Vds1:| _ TP Vg | = TP 2Vbc + Ve | = |:§le 1Vd2:|
Vgsi _ch 2VCO + Vie Vql Vq2
(14-b)
Vds2 Vit 2Vie + Vae Va1 + 2vae
= TP Vst | = TP 2Vsc + Vhe | = )
Vas? _th 2Vte + Vee Val Va2
(14-¢)
V41 2 -1 0 0 Vds1
Vdz2 _ 1 -1 2 0 0 Vds2
vgi| 310 0 2 =1 |vgs1 (14-d)
Va2 0 0 -1 2| |vge

where vai, vq1, V42, and vqs are the d-q voltages of the effective
converter voltages, while vas1, Vg1, Vg2, and vso are those of
the intermediate voltages.

At this stage, the current coupling should be considered as
well, as defined by (4). In a manner similar to voltage coupling,
each instance of stator flux is affected by two currents from
different converters. When considering (8) and (9), this current
coupling results in flux coupling.

In order to discuss flux decoupling, the voltage equation needs
to be changed from (9) to (15) by eliminating the rotor cur-
rent variables, which are not deemed measurable variables in
squirrel-cage induction machines [12]

S R, L%\~ d- d-
Vdgsl = (RS + Tg)ldqsl + Lgs %1(1(151 + LscalquQ
(15-a)
RrL?n - . - o
+ L2 ldgs2 +JWLls1dqsl + Veomm
- R, L2\~ d- d-
Vdqs2 = (Rb + b} )lquQ + LssilquQ + Lscildqsl
R,L2 7 . - .
+ L-[;“‘ ldgqs1 + ]WLISIdQSQ + Veomm
Lse =L — LIQH/Lr (15-¢)
Lss - Ls - Lgn/Lr - Lls + Lsc (15'd)
- L R, . - . > >
Veomm = L7( - f + ]Wr) : )‘dqr + jWLsc(ldqsl + ldqu)-
(15-e)

Due to the flux coupling, there are cross-coupled differen-
tial terms in (15-a) and (15-b). In the literature, this differential
cross-coupling is ignored, and only speed-related terms are used
for feed-forward control in addition to the output of the propor-
tional and integral (PI) controllers [12]. For flux decoupling
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i %] T = 1
1 K+ Ls+R
=+ + se ss

Fundamental structure of a current regulator.

Fig. 8.

control, (15) can be rearranged again into

Lss Lb(‘ d ;dqsl ‘_qusl
Lsc Lss dt ?qu? v«]qs?

R.L2 \- 27 .
T—m . T—m - . =
Rs + ldgs1 + P) ldgs2 +j‘ULlsldqs1 + Veomm

L2 L2
R[Lfﬂ nd RlLfﬂ g . i -
Rs + T ldqs2 + Tldqsl +.7WLlsldqs2 + Veomm

(16)
Then, the voltage equation can be derived as (17) through
matrix inversion

‘7(1(9,1 id sl d id sl
|:—»1 :|:Rss|}—'q :|+L:’ed T'q
Vdqe2 ldqs2 t ldgs2

- . - - o (17-a)
|:Rscqus2 + jw(Lssqusl - Lscidqu) + Vcomm:|
Rscidqsl + jw(Lssidqs? - Lscidqsl) + \_;comm
vdqsl _ i Lss Lsc quel 17-b
|:‘7dq52:| Lse |:Lsc Lss queZ ( )
RiLss R,L2
.= s s m 17-
R L. + 2 (17-c)
R, L2 RgLge
Rse = - - 17-d
R (17-d)
Lsc = Lss + Lsc' (17'6)

Here, the differential cross coupling shown in (15) no longer
appears in (17) by virtue of the matrix inversion of (16). How-
ever, the transformation of the voltage references in (17-b) is
also required for this decoupling effect. The current regulators
can then be designed with respect to (17-a) instead of (15).

The electrical circuit of every axis in (17-a) can be modeled
with an Ry, —Ls. load and another disturbance that is described
by the third term on the right side in the equation. Then, when
a PI controller is employed, the control block diagram for each
axis is drawn as shown in Fig. 8. In order to compensate for
the disturbance in (17-a), which is also denoted by vg in Fig. 8,
its estimated form, Vg, can be fed-forward. If this feed-forward
compensation is perfect (Vg = vg), the dynamic response of
the current regulation can be expressed as (18) by setting the PI
gains according to (19) [20]

i We

= 18
i* S + we (18)
kp = Lsewe, ki = Rgswe (19)

where w, is the bandwidth of the current regulator. That is, if
the parameters are accurate in terms of the gain setting and the

feed-forward compensation, the response of the current regula-
tion would be that of a first-order low-pass filter.

V. SINGLE-CONVERTER OPERATION IN A DDSW-BASED
DWIM

Two converters are fundamental for DDSW, as shown in
Fig. 1. However, one of them can be dropped out for any reason,
such as a fault. In preparation for such a disconnection, single-
converter operation needs to be considered. For instance, if the
“rst” converter is disconnected in Fig. 1, the voltage equation
can be derived via (20) due to the series connection of each
winding

3Vae Ia Aol +Agy — )\/31 - )W?
Bvhe | = 2Ry |ib | + 7 [Ag1 +Ayz = Ayt = Aao
3vee ic )"71 + Aa2 — Aol — Ag2
i, s (20)
= 2R, [ip | + 2L | A
ie Ac

In fact, the “abc” flux in (20) differs from that in (4), and it
can be defined as

_)La‘ 3 la Ix

)‘-b = <2Lls + 2Lms) ib + LmsTrsf iy (21'3)
e i i

_ix iar - ibr

iy - ibr - icr (21'b)
_iz icr - 141

cos (91. — %) cos (91- + %) cos (6, + )

Tyst = | cos (0, +m) cos <9r — g) cos <9r + g) (21-¢)

cos (91. + %) cos (6, + ) cos (9r — %)

Moreover, given that the subtractions between the rotor cur-
rents in (21-b) are also different from those in (5), the rotor flux
equation is newly derived as

)¥x )\ar - )\br 3 ix la
)"y = |Apr —Aer | = (Llr + §Lms) iy + LmsTsrf ib
)"z )\cr - )\ar iz _ic
(22-a)
cos (6‘,r - g) cos (0, + ) cos <9r + g)_
Teat[0:] = |cos (9r + g) cos (0r g) cos (0, + )
cos (0, + ) cos (Qr + g) cos (Hr g)

(22-b)
Through similar derivations, the rotor flux and the slip fre-
quency can be represented as
L :
mldsl
R; Ly .
= Lo igst-

Adr = (23)

Wyl = W — Wy 24)
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Fig. 9.  Test machine (left) and load machine (right).

When compared to (10) and (11), the currents related to the
“rst” converter are disappeared in (23) and (24). This feature is
also observed in the torque equation under the single-converter
operation

1 PLy
“T3 9L
That is, if identical currents are kept on the d-q axis of the re-
maining converter, the torque output during the single-converter
operation becomes one quarter that under normal operation.
However, because the rated excitation current, referring to the
rated d-axis current, is less than one quarter of the rated wind-
ing current in large-scale induction machines, the d-axis current
under the single-converter operation can be increased further.
That is, even if the d-axis current is doubled for the remaining
converter, the maximum q-axis current is not significantly re-
duced for the purpose of limiting the current. By doubling the
d-axis current under the single-converter operation, the torque
and the output power can be extended to nearly half of their
rated counterparts under normal operation. For the current reg-
ulation, the voltage equation in (26) is finally derived. Because
there is no cross coupling during the single-converter operation,
the current regulators can be simply designed according to (26)
in the manner displayed in (17-a) and in Fig. 8

. )\dr : iqsl . (25)

v, R’I'LI211 N d -
3qu = 2(Rs + T)ldqs + LSfEqus
Lm 2Rr . e i -
* L, (_ L +]wr) “Adqr + jwlsrlags (26-a)
Lst = Lgs + Lis. (26-b)

VI. EXPERIMENTAL RESULTS

An 11-kW (1800 r/min, 58 N-m) DWIM, as shown in Fig.
9, with a voltage rating of 220/440 V, is used in the discussion
of the proposed modeling and control methods for a DDSW-
based DWIM. According to the definitions in (8) and (9), Ry
and R, were 0.478 and 0.172 (2, while Lis(~ Lj;) and L,
were 1.449 and 55.54 mH, respectively. A dc machine was me-
chanically coupled with DWIM to generate various load condi-
tions. In addition, two-level converters were composed of 600-V
75-A intelligent power modules, as shown in Fig. 10, and their
dc links were set to 310 V. The carrier frequency was set to
2.5 kHz for the subsequent experiments, while the results shown

Fig. 10.  Two converters connected to the test machine.
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Fig. 11. Torque output under normal operation.

in Figs. 2-5 were obtained with 1.25 kHz carriers to show
more obvious differences. The carrier frequency was set low
enough to emulate multimegawatt drives. All of the control al-
gorithms were digitally implemented in a DSP board based on
TMS320C28346.

Initially, the torque equation in (13) was examined as shown
in Fig. 11, where the test machine was under a speed control
scheme at 1200 r/min, and the load torque, T},.q, was changed
by 20 N-m. Although the torque output of the test machine,
Tpwim, was changed by 21.7 N-m, it should be noted that
Tpwiv and Tipaq in Fig. 11 were calculated with each ma-
chine’s parameters. Although the parameter estimations were
carried out to be as accurate as possible, some parameter errors
may be reflected. During several tests with different torque vari-
ations, only negligible errors between Tpwiy and Tio.q were
observed. Therefore, it is confirmed that the value of 1/2 is ap-
propriate for 1, in (12). In Fig. 11, the d-q current is presented
only for the “abc” converter because it was nearly identical to
that of the “rst” converter.

The majority of high-power motor drives are related to
fan/pump operations, where the load is proportional to the square
of the rotation speed. Thus, the fan/pump load was emulated us-
ing the load machine, as shown in Figs. 12 and 13. Because the
d-axis currents are constantly regulated to their rated value in
Fig. 13, the g-axis currents are similarly changed with T},,q in
Fig. 12. The aspect of the ripple currents in Fig. 13 was changed
because the PWM property of DDSW varied depending on the
modulation index.

To discuss the decoupling method, the load machine was
speed controlled at 900 r/min, while the test machine was torque
controlled. Then, Tpwiym was step changed by 30 N-m, as
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Fig. 15. Dynamics of the current regulation—proposed method.

shown in Figs. 14 and 15, where the decoupling methods were
different. Because the current responses to their references were
designed to follow (18), those responses could be numerically
described with their bandwidth. Specifically, when the intended
bandwidth was 150 Hz in all cases when using the same param-
eters for each gain setting, the actual bandwidth was computed
as 50.2 Hz from 37 in Fig. 14 for the conventional method
[12], whereas it was 107.3 Hz in Fig. 15 for the proposed de-
coupling method. This improvement was possible because the
cross-coupled differential terms were successfully decoupled
in the proposed method. Although the bandwidth of the pro-
posed method remained smaller than the designed bandwidth,

$5N'm
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Fig. 16.  Torque output under single-converter operation.
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Fig. 17. Torque output under single-converter operation at twice the d-axis
current.

it should be noted that nominal parameters were used for the
gain settings, and the feed-forward compensation scheme may
not be perfect.

In addition, the torque equation of (25) was examined under
single-converter operation, where the “rst” converter is discon-
nected. As a reduction of the torque per current was expected,
the load torque was changed by 5 N-m at 1200 r/min, as shown
in Fig. 16, which was one quarter of that in Fig. 11. The g-axis
current was then changed by 11.7 A to increase 8.2 N-m in
Tpwmni. In other words, the torque per g-axis current was
0.7 N-m/A, whereas it is 1.36 N-m/A in Fig. 11. This occurs
because the rotor flux was halved during the single-converter
operation. In Fig. 17, the results when doubling the d-axis cur-
rent are shown against identical load torque variations. The
torque per qg-axis current in the figure became twice that in
Fig. 16. That is, during the single-converter operation, if the
rotor flux is maintained as the original rated value of the normal
operation, the torque capability can be held at half that during
the normal operation.

To show ripple currents during the single-converter operation,
the converter currents are shown in Fig. 18 at the rated speed
with no load torque. In addition, the carrier frequency was set
to 1.25 kHz for a fair comparison to the results shown in Figs. 4
and 5. In principle, it appears plausible that the ripple property
worsens under the single-converter operation because one of
the converters is dropped out during the interleaving process.
However, as shown in Fig. 18, the THD of i, was 11.2% when the
fundamental current was 13.5 A. That is, the harmonic property
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Fig. 18.  Converter currents under fault operation.

under single-converter operation is comparable to that under
normal DDSW operation. A more detailed description of this
phenomenon is available in the literature [ 19]. That is, even if the
turn number of windings is doubled by the series connections in
the single-converter operation, the magnitude of stator fluxes is
not doubled as shown in (20). This is why the maximum power
becomes halved in the single-converter operation. Although the
utilization factor of the windings is normally desirable to be
large in the view point of power conversion, its reduction is
inevitable under the single-converter operation. However, these
surplus windings can contribute to the interleaving effect shown
in Fig. 18 because two different-phase windings are excited by
one line-to-line voltage that is pulse-width modulated by the
single converter.

VII. CONCLUSION

In this paper, the application of DDSW to a DWIM was
discussed. Initially, it was described how vector control is im-
plemented for a DDSW-based DWIM. For control purposes, an
equivalent model was derived with respect to the converter cur-
rents. The feasibility of the proposed vector control scheme was
tested by emulating a fan/pump load. In addition, a decoupling
method between the converters was proposed to improve the dy-
namic response of the current regulation. As a result, the control
bandwidth could be increased by 113.7% when identical param-
eters were used for control settings. Finally, the single-converter
operation was also considered, where one of the converters is
disconnected from DDSW. For this operation, after vector con-
trol was discussed, the ripple properties were shown in terms of
the converter current. It was confirmed that the torque capability
under single-converter operation can be held to half that under
normal operation without any degradation of the ripple of the
converter current. This paper has been previously presented in
the conference [21].

REFERENCES

[1]1 Y. Park, S. Ohn, and S.-K. Sul, “Multi-level operation with two-level
converters through a double-delta source connected transformer,” J. Power
Electron., vol. 14, no. 6, pp. 1093-1099, Nov. 2014.

[2] S. Brisset, D. Vizireanu, and P. Brochet, “Design and optimization of a
nine-phase axial-flux PM synchronous generator with concentrated wind-
ing for direct-drive wind turbine,” IEEE Trans. Ind. Appl., vol. 44, no. 3,
pp- 707-715, May/Jun. 2008.

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

[18]

[19]

[20]

[21]

179

F.B. Grigoletto and H. Pinheiro, “Flexible arrangement of static converters
for grid-connected wind energy conversion systems,” IEEE Trans. Ind.
Electron., vol. 61, no. 9, pp. 4707-4721, Sep. 2014.

E. Cengelci, P. N. Enjeti, and J. W. Gray, “A new modular motor-modular
inverter concept for medium-voltage adjustable-speed-drive systems,”
IEEE Trans. Ind. Appl., vol. 36, no. 3, pp. 786—796, May/Jun. 2000.

S. Malik and D. Kluge, “ACS1000 world’s first standard AC drive for
medium-voltage applications,” ABB Rev., no. 2, pp. 4—11, 1998.

P. Vas, “Induction machine windings, starting, braking, and speed control
techniques,” in Electrical Machines and Drives a Space-Vector Theory
Approach. New York, NY, USA: Oxford Univ. Press, 1992, ch. 3.1, pp.
224-225.

A. L. Sheldrake, “Methods of starting induction motors,” in Handbook of
Electrical Engineering for Practitioners in the Oil, Gas, and Petrochemi-
cal Industry. Hoboken, NJ, USA: Wiley, 2003, ch. 5.10, pp. 125-129.

D. W. Novotny and T. A. Lipo, “d, q modeling of induction and syn-
chronous machines,” in Vector Control and Dynamics of AC Drives.
New York, NY, USA: Oxford Univ. Press, 1996, ch. 2, pp. 35-107.

Z. Qu, M. Ranta, M. Hinkkanen, and J. Luomi, “Loss-minimizing flux
level control of induction motor drives,” IEEE Trans. Ind. Appl., vol. 48,
no. 3, pp. 952-961, May/Jun. 2012.

G. Pellegrino, R. I. Bojoi, and P. Guglielmi, “Unified direct-flux vector
control for AC motor drives,” IEEE Trans. Ind. Appl., vol. 47, no. 5, pp.
2093-2102, Sep./Oct. 2011.

R. H. Nelson and P. C. Krause, “Induction machine analysis for arbitrary
displacement between multiple winding sets,” IEEE Trans. Power App.
Syst., vol. PAS-93, no. 3, pp. 841-848, May 1974.

R. Bojoi, F. Profumo, and A. Tenconi, “Digital synchronous frame current
regulation for dual three-phase induction motor drives,” in Proc. IEEE
Power Electron. Spec. Conf., Jun. 15-19, 2003, vol. 3, pp. 1475-1480.

S. Schroder et al., “Modular high-power shunt-interleaved drive system:
A realization up to 35 MW for oil and gas applications,” IEEE Trans. Ind.
Appl., vol. 46, no. 2, pp. 821-830, Mar./Apr. 2010.

A. R. Munoz and T. A. Lipo, “Dual-stator winding induction machine
drive,” IEEE Trans. Ind. Appl., vol. 36, no. 5, pp. 1369-1379, Sep./Oct.
2000.

T. Geyer and S. Schroder, “Reliability considerations and fault-handling
strategies for multi-MW modular drive systems,” IEEE Trans. Ind. Appl.,
vol. 46, no. 6, pp. 2442-2451, Nov./Dec. 2010.

H. Zhong, L. Zhao, and X. Li, “Design and analysis of a three-phase rotary
transformer for doubly fed induction generators,” I[EEE Trans. Ind. Appl.,
vol. 51, no. 4, pp. 2791-2796, Jul./Aug. 2015.

T. A. Lipo, “A d-q Model for six phase induction machines,” in Proc. Int.
Conf. Electr. Mach., 1980, pp. 860-867.

0. Ojo and I. E. Davidson, “PWM-VSI inverter-assisted stand-alone dual-
stator winding induction generator,” IEEE Trans. Ind. Appl., vol. 36,
no. 6, pp. 1604-1611, Nov./Dec. 2000.

Y. Park, J.-M. Yoo, and S.-K. Sul, “Current regulation and fault tolerance
in double-delta sourced transformer,” in Proc. 2015 IEEE Energy Convers.
Congr. Expo., Montreal, QC, Canada, 2015, pp. 1541-1548.

S.-K. Sul, “Design of regulators for electric machines and power convert-
ers,” in Control of Electric Machine Drive Systems. Hoboken, NJ, USA:
Wiley, 2011, ch. 4, pp. 154-282.

Y. Park, J.-M. Yoo, and S.-K. Sul, “Double-delta sourced winding for dual-
winding induction machine,” in Proc. 2015 9th Int. Conf. Power Electron.
ECCE Asia, Jun. 1-5, 2015, pp. 77-85.

Yongsoon Park (S’12-M’15) received the B.S.,
M.S., and Ph.D. degrees in electrical engineer-
ing from Seoul National University, Seoul, South
Korea, in 2008, 2010, and 2015, respectively.

From 2015 to 2016, he was a Senior Engineer

3 with Samsung Electronics, Co., Ltd., South Korea.

Since 2016, he has been with the Gwangju Institute
of Science and Technology, Gwangju, South Korea,
where he is currently an Assistant Professor. His cur-
rent research interests include design and control of
power conversion circuits for grid connection and
motor drives.



180 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 53, NO. 1, JANUARY/FEBRUARY 2017

Jeong-Mock Yoo was born in South Korea in 1991.
He received the B.S. and M.S. degrees in electrical
engineering from Seoul National University, Seoul,
South Korea, in 2014 and 2016, respectively.

He is currently a Research Engineer with the
Yura Corporation R&D Center, Pangyo, Seongnam-
si, South Korea. His research interests include power
electronics and design and control of power convert-
ers for automotive application.

Seung-Ki Sul (S’78-M’87-SM’98-F’00) received
the B.S., M.S., and Ph.D. degrees in electrical engi-
neering from Seoul National University, Seoul, South
Korea, in 1980, 1983, and 1986, respectively.

From 1986 to 1988, he was an Associate Re-
searcher in the Department of Electrical and Com-
puter Engineering, University of Wisconsin, Madi-
son, USA. From 1988 to 1990, he was a Principal
Research Engineer with LG Industrial Systems Com-
pany, South Korea. For a year of 2015, he served as
the President of Korea Institute of Power Electron-
ics, Seoul. Since 1991, he has been a Member of the Faculty with the School
of the Electrical and Computer Engineering, Seoul National University, where
he is currently a Professor. He published more than 140 IEEE reviewed jour-
nal papers and a total of more than 330 international conference papers in the
area of power electronics. He holds 14 U.S. patents, seven Japanese patents,
11 Korean patents, and granted 38 Ph.D.s under his supervision. His current re-
search interests include control of electrical machines, electric/hybrid vehicles,
electric propulsion of ship, and power conditioning system for renewables.

Dr. Sul received many best paper awards from international conferences and
journals including the first and second best paper awards, simultaneously from
the IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS in 2015. He also received
the IEEE IAS Outstanding Achievement Award in 2016. He was the Program
Chair of the IEEE PESC’06 and a General Chair of the IEEE ECCE-Asia, ICPE,
2011.




<<
  /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 false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


