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Abstract—Noise propagation from power stages of power con-
verters to their low-voltage control boards depends on multiple
complex paths, generally created by parasitic capacitors across
isolation barriers. These barriers can be easily crossed by the high
frequencies (up to 100 MHz [5]) generated by new semiconduc-
tor technologies such as SiC and GaN resulting in compromised
signal integrity on the control side. A common approach to over-
come this problem is by using filter. However, due to the presence
of several complex propagation paths, DM and CM modes are
not properly defined at board level, causing difficulties to pre-
dict filter’s performance. To cope with this issue, the node-to-node
impedance function (NIF) is proposed to identify the impedance of
all possible propagation paths in the filter. In the considered fre-
quency range (>30 MHz), NIF parameters identification precision
is altered by the impedance of shorting paths used in measure-
ment procedure. In this paper, an optimization procedure based
on Newton—Raphson algorithm is proposed to remove these er-
rors. This improved version of NIF is named General Impedance
Representation (GIR). Thanks to its generality, the GIR can also
applicable for all kinds of passive devices. Experimental results are
presented to confirm the effectiveness of GIR.

Index Terms—Electromagnetic interference (EMI), equivalent
circuit, filters, impedance measurement, modeling, noise.

1. INTRODUCTION

HE incoming of SiC and GaN technologies in power con-
T version bring several benefits such improved power den-
sity and higher efficiency. However, high switching frequency
(hundreds of kilohertz to megahertz) combined with short rise
and fall times of SiC and GaN devices produce higher electro-
magnetic interference (EMI) than standard Si-based converters
in the conducted EMI frequency range (10-30 MHz) [1]-[4].
Moreover, the voltage and current spectra through switching
devices in SiC-based converters are 20-30 dBuV and 20-
30 dBuA higher than those in the Si-based ones in frequency
range from 20 to 100 MHz, respectively [5]. These augmented
spectral contents at high frequency will be translated into sig-
nificant increase of EMI at the converter input [6]. In addition to
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increasing the noise on the power leads, these high-frequency
currents will travel more easily across the multiple insulation
barriers inside the converter, as shown in the simplified example
of Fig. 1. In this example, one observes parasitic capacitors in
parallel with the insulation of the gate driver dc/dc converter (C
and C5) as well as the parasitic capacitor (Ccyp ) between the low
power rails of the converter and the heatsink. These capacitors
create unexpected propagation paths for the noise generated by
the power stage to the surrounding circuits and more precisely
the low-voltage power rails. These low-voltage power rails are
used to supply semiconductors dedicated to control such as DSP
and analog circuits. These circuits are very sensitive to the qual-
ity of their supply and malfunctions can arise if voltage spikes
are present in the rails, decreasing the converter reliability [7].
Therefore, the noise level propagated from the power stage to
the low power rails must be under control. Of course, a natural
approach to force this control is integrating filters between these
two parts of the converter.

A difficult question arises at this point. The basis of this
questioning is illustrated on Fig. 1(a). The propagation path
iqm 18 considered as the differential mode (DM) noise from
the filter point of view, without considering the effect of the
metallic parts (case, heatsink) of the converter. However, noise
propagates in multiples other paths as shown by propagation
paths 7.y, and ¢; in Fig. 1(b) with the presence of the parasitic
capacitance between the heatsink and low power rails (Ccyp),
and switching devices (C'p ). This simplified example shows that
the formal DM and common mode (CM) definitions are difficult
to interpret from the filter point of view. In fact, noise can travel
from any pin of the filter to any other one.

The proposed approach to cope with this ambiguous cur-
rent distribution is the node-to-node impedance function (NIF)
black-box-model modeling, as shown in Fig. 2 [8], [9]. This
modeling approach does not assume DM or CM noise but pro-
vides propagation path impedance between each pin of the filter.
Also, NIF provides a good insight of filter weakness and perfor-
mance in the frequency domain. Finally, NIF modeling is gen-
eral and it can be effectively used for all passive devices, such as
common chokes, on-board transformers, planar structures, etc.
Consequently, the main contribution of this paper is to extend the
validity of NIF models in a large frequency bandwidth (from
100 kHz to 200 MHz). As explained in Section II, extending
NIF in this frequency range will introduce shorting impedance
issues for parameters identification, solved by the contribution
in this paper. The resulting improved impedance representation
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Fig. 1. Basic noise paths in a power converter. (a) Only differential mode current. (b) Including common mode current.

is called General Impedance Representation (GIR). Since it has
been shown that offline impedance of the passive parts of the
power converter are useful to precisely predict EMI of a power
converter [2], [10], [11], this contribution will help to improve
EMI filter characteristics for the next generation of power tran-
sistors such as SiC and GaN.

The paper is organized as follow. In Section II, a review
of NIF and passive modeling is presented. In Section III,
the measurement procedure to build GIR model is presented.
It is followed by the analysis of the impact of the shorting
path impedance on the connecting impedance computation in
Section IV. In Section V, an optimization procedure based on
Newton—Raphson is presented with the required assumptions to
ensure the accuracy and convergence of the algorithm. Finally,
Section VI provides the experimental results of a commercial
LC filter followed by the conclusion in Section VII.

II. PASSIVE COMPONENTS MODELING AND
IMPEDANCE EXTRACTION

In the literature, passive components have been modeled by
using computational and measurement-based methods. Com-
putational methods are employed for designing devices such
as FEM [12] and PEEC [13] based on device geometry and
materials. These methods have great advantages but they are
not able to handle commercial black-box devices, where all
components are integrated and covered in a case. Measurement-
based methods are the answer to this issue. For these methods,
a set of impedance measurement is performed to determine all
the elements of a given theoretical model such as transformers
[14]-[15] and common—choke [16]-[24]. Advanced common
choke models taken into account the complex permeability [22]
and core saturation under bias conditions [23] have been re-
cently developed. An online impedance measurement method
of the common choke based on the performance of the common
mode current was introduced in [24]. However, the limit fre-
quency range of 25 kHz is not sufficient enough for modeling
in the EMI frequency. Scattering parameter measurements are
used to extract the model of planar LC filter [25]. Although the
results are good, this approach still needs a predefined model

Fig. 2.

Equivalent circuit of an n-pin passive device.

that is not available easily for many parts. The NIF models are
developed in [8], [9], [26]-[29] to cope with the unknown prede-
fined model devices. In this modeling approach, each pin pair is
linked together by a connecting impedance, as shown in Fig. 2.
The connecting impedance is computed from the data obtained
by measurements. Due to the fact of frequency-based measure-
ment, all frequency-dependent parameters (such as permeability
and skin effect) are embedded in the measured data.

A. Impedance Extraction

Although measurement-based methods are attractive due to
their generality, impedance extraction is an important topic by
itself. A survey of this topic is presented hereafter. There are
two impedance measurement methods that can be employed: di-
rect or indirect measurement. The direct measurement method
is employed in [26] using Vector Network Analyzer (VNA)
with an auxiliary connection board, including current sensor
and jumpers-to-ground, to measure the admittance matrix of a
power transformer. The errors caused by measurement cables
are eliminated by taking its transmission line model into com-
putation [27]. The other direct methods are introduced in [28]
and [29] for the cables. In [28], the connecting impedance ma-
trix is converted from the S-parameters measured on the short
circuit and matching load configurations. It is not applicable
for general devices with unknown matching load of pins. In
[29], the guarding technique of Impedance Analyzer (IA) is ex-
ploited to measure the connecting impedance. In this technique,
two measured pins are connected to the High and Low terminals
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whereas the nonmeasured pins are shorted to the guard terminal
while neglecting the impedance of connecting paths. The indi-
rect measurement method using TA was introduced in [8]. In this
approach, the pins of the devices are divided into two groups,
pins in each group are shorted together. The impedance is mea-
sured between two groups to write a linear equation for the con-
necting impedance variables. This procedure is repeated until
enough equations are completed. The impedance matrix is then
obtained by a simple matrix inversion. The two measured-based
methods in [8] and [29] are applicable for unknown matching
load devices, but they are limited on the computing approaches
of connecting impedance. These computing methods are based
on the assumption of zero shorting path impedance, which is not
always valid. This assumption is valid for specific applications
where impedance of target devices, i.e., transformer and cables,
are more inductive and less capacitive than that of the short-
ing paths. However, it is no longer valid for several passive de-
vices such as small common mode chokes, EMI filters, on-board
transformers, or other devices with capacitive ports. There is a
variety of connecting impedance which can interact with that of
the shorting paths in EMI frequency leading to modeling errors,
and hence wrong power converter EMI propagation model.

As pointed before, the main contribution in this paper is
to improve connecting impedance accuracy by removing the
errors caused by the shorting path impedance. This paper
also contributes on the measurement approach by introduc-
ing the measurements of voltage transfer gain (VTG) and open
impedance for accurately extracting the connecting impedance
and verification purposes. It is important to emphasize that even
though the measurements are taken offline in this paper, it does
not mean that the proposed GIR is only effective for offline
impedance. Also, shorting impedance problems need to be over-
come, whether the device is under bias or not.

III. GIR APPROACH

In this section, the analytical equations and measurement
procedure of GIR based on NIF model [8] are summarized to
introduce the connecting impedance and the method of taking
measurements.

A passive device can be represented by a general impedance
matrix, as shown in Fig. 2. In details, each pin is connected
to each of the others by a connecting impedance. For instance,
for a n-pins device, pin 1 is connected to pins 2,3,...,n by
impedance Z19, Z13, - . ., Z1n, respectively. In this definition:

1) Z’ij = ij for all Z,]

2) There are C2 = n(n — 1)/2 connecting impedances.

The Kirchoff’s current law equation at all pins is

- N -

Y Yy Vi ~Yin
i#1 V1
31 n
i Y Y Y —Ys, Vo
1#£2
= (1)
7;n
n—1 Un
*len *YQn Z Y;n
L i#n .
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Fig. 3. Group—impedance measurement by VNA.

where Y;; = 1/Z;; is the connecting admittance.

Equation (1) shows the fact that all Y;; can be calculated with
given v and 7. However, they cannot be measured simultaneously
by a two-port VNA/IA. Thus, n pins of devices are grouped into
two groups namely Group A and B. Assuming that pins in each
group are shorted together with zero impedance shorting paths,
all of them share the same voltage level; then, the n-pin de-
vice can be considered as a 2-pin device whose impedance seen
from A and B, hereafter called group-impedance, can be mea-
sured by 2-port VNA/IA. Fig. 3 shows an example of grouping
and impedance measurement methods of a n-pin device, where
Group A contains pins numbered m and &, group B contains the
remaining pins.

Considering VNA/IA as anormalized 1V voltage source with-
out losing generality, the basic circuit elements are

Um = = 15 Vi ig{m k} = 0 2

Y;:;k = 1/Z:;7,k = im + ik (3)

where Z* . and Y," , is the measured impedance and admittance
seen from A and B, respectively.
Substituting (2) and (3) into (1) yields

n

= (Y +Yar) @
i¢{m k}

(4) is an equation used to solve Y;; once Y, is measured.
For a n-pin device, there are C? variables which require C?
independent equations to solve. Thus, the procedure of select-
ing m and k is repeated until C? equations are completed.
Note that the number of pins in each group can vary from 1
to (n — 1), and the independence of the selected set of equa-
tions must be satisfied. The connecting admittance matrix is
computed as

Yn, = (CEIY:Z (5)

where C,, is the connecting matrix; Y’ and Y,, are admittance
matrices that are measured and calculated, respectively.

IV. NONZERO IMPEDANCE SHORTING PATHS ANALYSIS

In this section, the connecting impedance identification pro-
cedure of a 3-pin device is investigated with the shorting path
impedance. There are three impedance measurements taken fol-
lowing the procedure introduced in Fig. 4. By including the
shorting path impedance AZ, corresponding to an admittance
AY, the equivalent circuits are shown in Fig. 5. The measured
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Fig. 4. Impedance measurement procedure for 3-pins device with perfect
shorting impedance paths.

-
Shorting path’s impedance

Fig. 5. Impedance measurement procedure for 3-pins device with imperfect
shorting impedance paths.

admittance is computed as follows:

N Y2
Y =Y 4 Y5 — 13
Lo 2 AYas + Vig + Yoy
Yy
- Y2
Vi =Y, + Vi — 12
2 u A}/i3 +YiQ +YiB
v,
€3
Y5,

Yy =Yig + Yoy —
—_———

vy

6
AYis + Yoz + Yo ©)

i
€3

where Y;* is the measured impedance assuming the zero
impedance of shorting path, as inferred from (4), ¢; is the error
of the ith measurement compared to ideal case, and Y;; is the
accurate connecting impedance.

The difference of the connecting admittance between the ideal

and practical cases, Y, is
Yio — Yio = 0.5(—€ — €} +e5)
Yis — Yig = 0.5(—¢} + €5 — ¢3)
Ya3 — Yoz = 0.5(¢} — € — e3). (7

This difference depends on the impedance level ratio be-
tween AY and Yj;. In fact, the shorting path is inductive and its
impedance value depends on material and geometry.

In case of high inductive and small capacitive device such as
transformers [8] or cables [29], the shorting path impedance may
be small compared to the connecting impedance at considered
frequencies, i.e., AY > Y;; — e} = 0. Hence, the measured
error can be neglected; the impedance matrix is achieved cor-
rectly without taking care of the shorting path impedance.

Conversely, the error derived from (6) can become significant
in this three following cases:

1) If parallel connecting impedance is capacitive at specific

frequency range and comparable with that of shorting path
impedance, as shown in Fig. 6(a), e.g., AYs3 ~ —Yo3 >
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Fig. 6. Specific cases in which significant errors are created. (a) AYso3 =~
—Ya23.(0) AY23 ~ —(Y23 + Y13). (¢) AY23 =~ Y13.

Y12, Y13, then e] ~ Y13, the error can be comparable to
connecting admittance. The example for this case is the
integrated EMI filter or power supply.

2) In worst case, at any specific frequency range, if AYs3 =
—(Y13 + Ya3) — €} > Y734, as shown in Fig. 6(b), the
error can be much greater than square of connecting ad-
mittance.

3) If the shorting path is poor, i.e., long and thin conductor,
its inductance can be in the same order of magnitude to
the smallest connecting impedance, as shown in Fig. 6(c),
e.g., AYss &~ Vi3 > Y19, Yo3 — €] &~ Yi3/2, the error
can be a half of connecting admittance. An example of
this case is the high-power transformer with large distance
between ports.

In the general case of passive devices with unknown model,
no cases can be ignored. For larger pin amount devices, the
interaction between shorting paths and connecting impedance
becomes more complicated resulting in unknown measured er-
rors, further degrades the computational precision.

V. PROPOSED NEWTON—RAPHSON METHOD

As pointed in Section IV, the precision of NIF model is de-
graded by the impedance of shorting paths used in measure-
ments. The error level is unknown since it depends on the
ratios between the impedances of shorting paths and the un-
known connecting impedance of devices. Therefore, this issue
cannot be completely solved by only improving the layout of
the shorting paths, which usually reduces its inductance. In-
stead, we propose to improve the accuracy of the connecting
impedance, which is obtained by the NIF model (5) using curve
fitting method. To avoid the impact of the impedance of short-
ing path used in measurements, the fitting curves are chosen as
follows.

1) The open admittance which is measured by VNA at two
pins, whereas the remaining pins are untouched. Thus, no
shorting path appears in measurements.

2) The VTG between pin pairs of the devices. A common
ground plane is used in measurements, but its influence
to the measured data is removed by the S-parameter cal-
ibration procedure, as presented in Appendix A. In ad-
dition, fitting VTG curves helps to direct the connecting
impedance to all correct VTGs between pin pairs of the
devices, which is mandatory for computing noise propa-
gation in the power converter via VTGs.

Solving the system of nonlinear equations is not obvious

without information of the system roots. Thus, we propose to
employ the newton raphson (NR) iterative method as the fit-
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Fig. 7.

ting algorithm due to its ability of solving nonlinear equations
for complex variables. The NR method’s accuracy and conver-
gence depend on the distance between the initial guess and the
system roots [31]. Therefore, the connecting impedances ob-
tained by (5) are used as the initial guess since the gap between
them and the system roots is significant only in some specific
frequency ranges as discussed in Section IV and small at the
remaining frequency ranges. Instead of these data, an arbitrary
initial guess can force the NR to diverge or converge to the
wrong roots. The summary of proposed NR approach is shown
in Fig. 7. The details of each step are presented in the following
sections.

A. Step 1: Variables Definition

The connecting admittance Y is used as the variables for NR
iterations. It is initiated by the result obtained in (5)

YO = [V, Y, Y g, =Y (8)

n—1)n

B. Step 2: Write NR Functions
The form of NR iteration equations is
Fl(m% }/137 BREE) }/27L—1)7L)

=0
F,(Y12,Y13,...,Y1),) =0
(n—1) )

FC% (Y—IZ»leBw‘va(n—l)n) =0.

Each equation of F; is formed by equalizing the measured
result and their corresponding analytical equations. Two selec-
tions of F; are discussed below with their measurement methods
and equation derivations.

1) Open Admittance: An example of open admittance be-
tween pin 1 and pin 2, Y}5¥, of a 4-pin device is shown in
Fig. 8(a). Its corresponding closed form equation is derived
by considering the VNA as a voltage source. For the sake of
generality, this voltage source is excited in both ways: Vi, =
1V and V5, = 1V, as depicted in Fig. 8(b) and (c), respec-
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Fig. 8.  Open admittance between pins 1-2. (a) Measurement. (b) Computing
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tively. The computed open admittance is the average of these
two sources

n Y‘
an —0. L -1 13
3 =05 x {Zm [Yis Yia ] AR {YM (10)
i#£1
n Y
Yo, — ) -1 23
+Z 21 [Y23 Y24]A12 |:Y24:|}
i#2
where A, is defined as the identified matrix of pin pair 1-2
n
2 Y Yy
Ap = |7? n (11)
Y34 > Y
i#4

In case that the pin number of device increases, i.e., n — pin,
(10) is unchanged. Only A;» is extended to be a (n —2) x
(n — 2) matrix. This task is straightforward.

The open admittance equation at pins 1-2 for NR is

F =YY -V’ =0. (12)

In fact, the NR for a set of all equations of open admittance
may approach to the wrong root at some specific frequency
ranges due to the subtracting operator in (10) and the fact that
only connecting admittance appears in the equation. During the
iterative process, all connecting admittances, Y;;, may reduce
to very small amplitudes, resulting in very small amplitudes of
both terms

ZHH—ZYM

it1 i£2
and
| Y13 | Yos3
[Y13 Y14] ALy + [Y23 Yz4] ALy ,
14 You

while effectively approaching the correct Y, . As a result, even
though the open admittance is fit, all the connecting admit-
tances converge to the wrong roots whose amplitudes are very
small and presents wrong VTG between pin pairs of devices.
This issue is avoided by adding the VTG curve with differ-
ent form of equation to the system, as presented in the next
section.

2) VIGs Between Pin Pairs: An example of VTG V{47,
where Vj, is computed/measured considering the excitation
source Vio =1V, is presented for a 4-pin device. The ex-
perimental VTG V%3 is obtained indirectly by measuring
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Fig. 10.  Proposed NR with the combined set of equations.

S-parameters employing coaxial cables, as shown in Fig. 9(a).
The data conversion is introduced in [30]. The analytical equa-
tion to compute V;%? is derived from the equivalent circuit shown
in Fig. 9(b) as follows:

L;; Yis —Y34 Yis
o | L 1 (13)
Vis Y34 Y Yu+ Y14
74 50

where 50 (2 is the internal resistor of port 2 of the VNA.
Finally, VTG equation for the NR method is written as

Fy=Viy' =V =0. (14)

In fact, the VTG below —80 dB is not used NR equation due to
the possible errors created by the precision limit of the VNA.

3) Combined Equations: One proposes to use the NR
method with the set of equations combined of open admittance
and VTGs by the procedure described in Fig. 10.

In which, the GIR is started by the original NIF, and the open
admittance is used as verification purpose. If the error is not
acceptable (condition of Match measurement is not satisfied),
an equation of VTG is added to improve the computational pre-
cision. Otherwise, if the error is very small, the procedure is
done, the connecting impedance computed by the original NIF
is used as the final result. This is the case of cable and trans-
former, where errors are negligible as presented in the previous
publications [26]-[29].
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C. Step 3: Jacobian Matrix Computing

The Jacobian matrix J is the derivative function of F' as

Con oR om ]
Yio Yi3 }/(nfl)n
oF, 0F, oy
oF | v, v, 7
J=-— = 12 13 (n—1)n 15
Y : . . : ( )
OF > OFcs OF s
L Yo Yi3 Yv(nfl)n_

It must be calculated at each iteration, and usually takes the
longest computing time due to the multiple derivative opera-
tions. To improve the computation speed, the closed-form func-
tion of each element of J is derived offline from the closed
form of F'(9) by symbolic mathematical packages. Then, .J is
evaluated at each iteration by placing the real value of variables
into its closed-form functions.

D. Step 4: Error Computing

The error at each iteration of NR method is evaluated by

e=|F|* =) IFRP.
i=1

The iteration process ends as soon as the error reaches a given
threshold, e < e, Where ey, is chosen based on the measure-
ment device precision. For typical devices, whose precision of
impedance and VTG is 1 m) and —80 dB, respectively, e, can
be chosen at 108,

(16)

E. Step 5: Connecting Admittance Update

The connecting admittance is computed by the generalized
Newton’s formula (17) [31]-[32]. The o-r factor /3 is used to
control the convergence rate, and hence, must be adjusted care-
fully to ensure the convergence of the NR method

Y =Y — BJ; ' Fy. 17

FE. Overrelaxation Factor Computing Strategy

Generally, the NR convergence rate is low with too small (3
but it may diverge with too high 5. The selection of (3 prior
to computation is difficult since it depends on the complicated
functions of variables, which may vary differently iteration by
iteration. To cope with this problem, one proposes an o-r factor
computing method to calculate the proper (3 at each iteration.
More precisely, one employs a logic of 8 control based on the
error ratio, which is divided by the errors of current and previous
iterations, as shown in Fig. 11. This strategy is used between
Step 4 and Step 5 of the NR approach.

VI. EXPERIMENTAL RESULTS

In this section, the experimental model of an LC filter, formed
by the commercial common choke WE-SL2 250 pH (L;) and
a 0.1 uF capacitor (C), is extracted by using GIR. The ex-
perimental results present the errors caused by the shorting
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Fig. 11.  Overrelaxation factor computing algorithm.
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Fig. 13. Measured prototypes of the LC filter.

path impedance regarding to case 1 and case 3 (as discussed
in Section IV), and the effectiveness of the proposed GIR to
cancel these errors. To remove the impacts of extra components
used in measurements, i.e., cables and measured jig’s geome-
try, the measurements are performed in two separate frequency
ranges, i.e., 100 kHz-30 MHz and 30-200 MHz, with proper
calibrations. Considering the LC filter as a 4-pin device, the
initial guess of the connecting impedance is computed by the
impedance measurements taken following the procedure pre-
sented in Fig. 12.

The measured jigs used to extract the impedance and
VTG are shown in Fig. 13. All measurements are per-
formed using a Agilent E5S061B VNA. They are presented
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in Figs. 14 and 15. The following nomenclatures are used on
these pictures:

1) the term “measured” indicates the data extracted by the
VNA,;

2) the term “w/0-NR” indicates the data computed from the
connecting impedance obtained in (5) without NR (also
means the results with the original NIF);

3) the term “w-NR” indicates the data computed from the
connecting impedance resulted in the NR method (also
means the results with GIR).

A. Experimental Results at Conducted EMI Frequencies

The experimental results of the LC filter in frequency range
100 kHz-30 MHz is shown in Fig. 14. Fig. 14(a) shows six
measured group—impedance described in Fig. 3. One observes
the small impedance of Z3, Z}, Z{;, and Zj, in frequency
range 3—7 MHz. They are used in (5) to compute the connecting
impedances, i.e., Z;;w/0-NR, also used as the initial guess of
NR, as introduced in Section V-A.

The impact of the shorting path impedance is shown in
Fig. 14(b) by the differences between computation w/0-NR and
measurements of V32, Vi1, Z7%, and Z3} in frequency range
3—7 MHz. These differences are caused by the interaction be-
tween the small impedance of C and the impedance of shorting
paths as given in Fig. 6(b), and analyzed in Section IV. Similar
disturbances are observed in the performances of VTGs V3!,
V3!, and Vi3, as shown in Fig. 14(d).

To eliminate these errors, the proposed NR method is em-
ployed. As the symmetry of Ly, i.e., Z15 = Zoy and Z14 = Zo3,
instead of six equations for the general case, only four equa-
tions are needed to solve the four connecting impedance vari-
ables. The equations of Vi3, V{2, Z{%, and Z3} are written as
described in Section V-B. Thanks to the proposed NR method,

3, Vi, 7%, and Z3) fit well with measurements, as observed
in Flg. 14(b).

The curves of connecting impedance obtained by GIR with
and without NR method are shown in Fig. 14(c). One observes
the significant improvements of the connecting impedance Z;3
and 74 in frequency range 3—7 MHz. The same improvement
is observed on Zs4 in frequency range 3-30 MHz whereas
Z15 remains unchanged. The small changes of all connecting
impedance below 1 MHz are to fit the VTG V;?. They corre-
spond well to the disturbances as aforementioned.

The VTGs V3, V3, and V32, not used to be fit by NR, are
plotted in Fig. 14(d). As observed, the VTGs obtained by NR
overlap their measurements well including small gains of V!
and V! as well as nearly unity gain of V;%’. The small error
appearing on V' at frequency of 2 MHz is resulted from the
small errors in measurements at the corner frequency of Z5",
V2, and V2.

B. Experimental Results at Radiated EMI Frequencies

This section presents the experimental results of the LC fil-
ter in frequency range 30-200 MHz, as shown in Fig. 15, to
point out the effectiveness of NR to correct the errors caused as
case 3 introduced in Section IV. Fig. 15(a) shows the measured
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Fig. 14. Experimental results for LC filter at low frequency. (a) Measured group—impedance. (bl) Transfer function fitting V%% (b2) Transfer function

fitting V‘g. (b3) Open impedance fitting Z(l’g. (b4) Open impedance fitting Vgi’. (cl) Connecting impedance Zj2. (c2) Connecting impedance Z13 = Za4. (c3)

Connecting impedance Z14 = Zs3. (c4) Connecting impedance Z34. (d) Transfer

group-impedance. It is observed that the inductive behaviors
of Z{ = Z; and Z3 = Z} decreases with frequency. The ini-
tial guess of NR is computed from these data as mentioned in
Section VI-A.

The effect of the shorting path impedance is shown in
Fig. 15(b) by the gaps between measurement and computation

function tests.

of Vi32, Vi¥, Z%, and Z3%. The differences between measure-
ments and computations are small with the biggest errors of
4 dB of V32, shown in Fig. 15(b1). One also observes that the
error magnitude increases with frequency for all data. This er-
ror increasing is caused by the impedance of the shorting path
(printed circuit board (PCB) trace which is mostly inductive)
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. . . . . 3
Experimental results for LC filter at high frequency. (a) Measured group-impedance. (b1) Transfer function fitting V{3

2 (b2) Transfer function fitting

V‘f%. (b3) Open impedance fitting Zﬁg. (b4) Open impedance fitting Vgi (c1) Connecting impedance Zj9. (c2) Connecting impedance Z13 = Za4. (c3)
Connecting impedance Z14 = Z»3. (c4) Connecting impedance Z34. (d) Transfer function tests.

increases faster than connecting impedance (whose inductance
usually reduces with frequency), leading to higher error at high
frequency. This is the error case 3 discussed in Section IV. This
trend is confirmed with the disturbances of V;%} and V!, as
shown in Fig. 15(d).

In order to remove these errors, the proposed NR approach
is used to fit the computations with measurements of V32, V;2,
75, and Z3. It results in the connecting impedance shown

in Fig. 15(c). One observes the significant improvements of
the connecting impedance, i.e., Z1» and Zs34 in frequency of
80-200 MHz; Z,3 and Z,4 in frequency of 30-200 MHz, thanks
to the proposed NR method. It shows that the inductance of
common choke decreases with frequency, which is a typical
behavior. The accuracy of the proposed method is validated
by the performances of VTGs V%, V4, and V;'}!, depicted in
Fig. 15(d). As seen, the VTGs computed from the connecting
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impedance obtained by NR match their measurements very well.
It is a very good improvement considering the errors of 20 dB
(Vi4) and 10 dB (V4}') achieved with the original connecting
impedance computed by the original NIF.

The characteristics of NR method are illustrated in Fig. 16
including error, o-r factor and number of iterations. As seen, the
o-r factor is 0.4 and only few iterations are needed in frequency
below 1 MHz and above 30 MHz since the initial guess is very
closed to the root, shown by small errors in those frequency
ranges. In addition, the lowest o-r factor and highest number of
iterations correspond to the highest initial error in the frequency
of 3-30 MHz. For instance, the o-r factor is decreased to pre-
vent NR from diverging making the convergence rate slower
than that in the remaining frequency ranges. It confirms the ef-
fectiveness of the computing approach proposed in Section V-F.
In addition, Fig. 16(a) also shows that the proposed GIR is ded-
icated to correct both small errors, usually present with cables
and transformers using NIF, and significant errors, where NIF
is not accurate to implement.

VII. CONCLUSION

In this paper, an effective GIR is proposed for modeling the
passive device used in power converter based on the measure-
ments of impedance and Scattering parameters. It is developed
from the original NIF with the improvement of correcting com-
putational errors created by the shorting path impedance used in
the measurement procedure. This paper also introduces the new
measured data, i.e., VTG and open impedance, and the complete
identification procedure required to ensure the model accuracy.
In addition, the computing approach for overrelaxation method
is proposed to guarantee the NR convergence with different in-
put data. As a result, the proposed GIR is precise whether the
effect on the shorting path impedance is negligible (as NIF), or
significant (as the considered components in this paper). Thanks
to GIR, all passive devices without specific models can be ac-
curately modeled and integrated into the power converter EMI
model to predict the noise spectrum of the next generation of
SiCFET and GaN - based converter.

APPENDIX
A. S-Port Calibration Procedure

To remove the effect of cable impedance, the S-port calibra-
tions, i.e., open, short, load, and through, must be performed at
the end of the cables, as depicted in Fig. 17.

Fig. 17.

Calibration procedure of a 2-port VNA.

REFERENCES
[1] T. Kim, D. Feng, M. Jang, and V. G. Agelidis, “Common mode noise
analysis for cascaded boost converter with silicon carbide devices,” IEEE
Trans. Power Electron., vol. 32, no. 3, pp. 1917-1926, Mar. 2017.
E. Rondon-Pinilla, F. Morel, C. Vollaire, and J. L. Schanen, “Modeling of
a buck converter with a SiC JFET to predict EMC conducted emissions,”
IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2246-2260, May 2014.
S. Basu and T. M. Undeland, “On understanding switching and EMI
performance of SiC power JFETs to design a 75 W high voltage flyback
converter,” in Proc. 15th Eur. Power Electron. Appl., Lille, France, 2013,
pp. 1-5.
D. Han, S. Li, Y. Wu, W. Choi, and B. Sarlioglu, “Comparative analysis on
conducted CM EMI emission of motor drives: WBG versus Si devices,”
IEEE Trans. Indus. Electron., vol. 64, no. 10, pp. 8353-8363, Oct. 2017.
N. Oswald, P. Anthony, N. McNeill, and B. H. Stark, “An experimental
investigation of the tradeoff between switching losses and EMI generation
with hard-switched all-Si, Si-SiC, and all-SiC device combinations,” IEEE
Trans. Power Electron., vol. 29, no. 5, pp. 2393-2407, May 2014.
F. Zare, D. Kumar, M. Lungeanu, and A. Andreas, “Electromagnetic
interference issues of power, electronics systems with wide band gap,
semiconductor devices,” in Proc. IEEE Energy Convers. Congr. Expo.,
Montreal, QC, Canada, 2015, pp. 5946-5951.
T. N. Nguyen, H. F. Blanchette, and R. Wang, “An accurate model-
ing approach to compute noise transfer gain in complex low power
plane geometries of power converter,” J. Power Electron., no. 17, vol 2,
pp. 411421, Mar. 2017.
Y. Liu, S. A. Sebo, R. Caldecott, D. G. Kasten, and S. E. Wright,
“Modeling of converter transformers using frequency domain termi-
nal impedance measurements,” [EEE Trans. Power Del., vol. 8, no. 1,
pp. 66-72, Jan. 1993.
T. N. Nguyen, H. F. Blanchette, and R. Wang, “General impedance rep-
resentation of passive devices based on measurement,” in Proc. IEEE Int.
Conf. Ind. Technol., Toronto, ON, Canada, 2017, pp. 117-122.
D. Han, C. T. Morris, W. Lee, and B. Sarlioglu, “Comparison between
output CM chokes for SiC drive operating at 20- and 200-kHz switch-
ing frequencies,” IEEE Trans. Ind. Appl., vol. 53, no. 3, pp. 2178-2188,
May/Jun. 2017.
A. D. Brovont and S. D. Pekarek, “Derivation and application of equiva-
lent circuits to model common-mode current in microgrids,” IEEE Trans.
Emerg. Sel. Topics Power Electron., vol. 5, no. 1, pp. 297-308, Mar. 2017.
M. Kovacié, S. Stipeti¢, Z. Hani¢, and D. Zarko, “Small-signal calcula-
tion of common-mode choke characteristics using finite-element method,”
IEEE Trans. Electromagn. Compat., vol. 57, no. 1, pp. 93—101, Feb. 2015.
I. F. Kovacevic, T. Friedli, A. M. Muesing, and J. W. Kolar, “3-D elec-
tromagnetic modeling of EMI input filters,” IEEE Trans. Ind. Electron.,
vol. 61, no. 1, pp. 231-242, Jan. 2014.
D. Filipovi¢-Gr¢ié, B. Filipovié-Grcié, and 1. Uglesi¢, “High-frequency
model of the power transformer based on frequency-response measure-
ments,” IEEE Trans. Power Del., vol. 30, no. 1, pp. 34—42, Feb. 2015.
K. Kim, S. Kim, and W. Nah, “Voltage transfer characteristics of an
insulation transformer up to 1 MHz,” IEEE Trans. Electromagn. Compat.,
vol. 58, no. 4, pp. 1207-1216, Aug. 2016.

(2]

[3]

(4]

(5]

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]



NGUYEN et al.: GENERAL IMPEDANCE REPRESENTATION OF PASSIVE DEVICES BASED ON MEASUREMENT

[16] A.M. Sanchez, A. Pérez, J. R. Regué, M. Rib6, P. Rodriguez-Cepeda, and
F. J. Pajares, “A modal model of common-mode chokes for conducted
interference prediction,” IEEE Trans. Electromagn. Compat, vol. 52, no. 3,
pp. 749-752, Aug. 2010.

[17] J. Deng and K. Y. See, “In-circuit characterization of common-mode

chokes,” IEEE Trans. Electromagn. Compat, vol. 49, no. 2, pp. 451454,

May 2007.

M. Kovacié, Z. Hanié¢, S. Stipeti¢, S. Krishnamurthy, and D. Zarko, “An-

alytical wideband model of a common-mode choke,” IEEE Trans. Power

Electron., vol. 27, no. 7, pp. 3173-3185, Jul. 2012.

I. Stevanovic, S. Skibin, M. Masti, and M. Laitinen, “Behavioral modeling

of chokes for EMI simulations in power electronics,” IEEE Trans. Power

Electron., vol. 28, no. 2, pp. 695-705, Feb. 2013.

[20] W. Tan, C. Cuellar, X. Margueron, and N. Idir, “A high frequency

equivalent circuit and parameter extraction procedure for common mode

choke in the EMI filter,” IEEE Trans. Power Electron., vol. 28, no. 3,

pp. 1157-1166, Mar. 2013.

C. Cuellar, N. Idir, and A. Benabou, “High-frequency behavioral ring

core inductor model,” IEEE Trans. Power Electron., vol. 31, no. 5,

pp. 3763-3772, May 2016.

K. Nomura, N. Kikuchi, Y. Watanabe, S. Inoue, and Y. Hattori, “Novel

SPICE model for common mode choke including complex permeability,”

in Proc. IEEE Appl. Power Electron. Conf. Expo., 2016, pp. 3146-3152.

M. Illia, L. Koleff, and G. Griepentrog, “Non-ideal model of the common

mode choke for EMI filters,” in Proc. IEEE Applied Power Electron. Conf.

Expo., Tampa, FL, USA, 2017, pp. 938-944.

T. Messo, T. Suntio, J. Viinamaki, and T. Roinila, “An online measure-

ment method for common-mode impedance in three-phase grid-connected

converters,” in Proc. IEEE Energy Convers. Congr. Expo, Milwaukee, W1,

USA, 2016, pp. 1-7.

S. Wang, M. Gong, and C. Xu, “Scattering parameter-based measurement

of planar EMI filter,” J. Power Electron., vol. 14, no. 4, pp. 806-813, 2014.

B. Gustavsen, “Wide band modeling of power transformers,” IEEE Trans.

Power Del., vol. 19, no. 1, pp. 414-422, Jan. 2004.

B. Gustavsen, “Eliminating measurement cable effects from transformer

admittance measurements,” I[EEE Trans. Power Del., vol. 31, no. 4,

pp. 1609-1617, Aug. 2016.

L. Stevanovié¢, B. Wunsch, G. L. Madonna, and S. Skibin, “High-frequency

behavioral multiconductor cable modeling for EMI simulations in power

electronics,” IEEE Trans. Ind. Inf., vol. 10, no. 2, pp. 1392-1400,

May 2014.

C. Marlier, A. Videt, and N. Idir, “NIF-based frequency-domain modeling

method of three-wire shielded energy cables for EMC simulation,” IEEE

Trans. Electromagn. Compat., vol. 57, no. 1, pp. 145-155, Feb. 2015.

D. M. Pozar, Microwave Engineering. Hoboken, NJ, USA: Wiley, 2009.

D. Greenspan and V. Casulli, Numerical Analysis for Applied Mathe-

matics, Science and Engineering. Reading, MA, USA: Addison-Wesley,

1988.

K. M. Kramer and W. N. Hitchon, Semiconductor Devices: A Simulation

Approach with CDROM. Englewood Cliffs, NJ, USA: Prentice-Hall, 1997.

(18]

[19]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

(28]

[29]

[30]
[31]

[32]

Tung Ngoc Nguyen (S’14) was born in Phu Yen
province, Vietnam. He received the B.S. degree in
electrical engineering from Hochiminh City Univer-
sity of Technology, Ho Chi Minh, Vietnam, in 2010.
He is currently working toward the Ph.D. degree
in electrical engineering at the Ecole de Technolo-
gie Supérieure, Montreal, QC, Canada, where he re-
searches on EMI for power converter.

From 2016 to 2017, he was with Current, powered
by GE, Lachine, QC, Canada, where he worked on
LED driver. Since 2017, he has been with Idénergie,
Montréal, QC, Canada, where he is doing research and development of a smart—
grid interactive photovoltaic system. His research interests include power con-
verter modeling, EMI prediction/attenuation, and grid-tied SiC/GaN based
power converter.

6709

Handy Fortin Blanchette (S’07-M’10) received the
B.Eng., M.Eng., and Ph.D. degrees in electrical en-
gineering from the Ecole de Technologie Supérieure
(ETS), Montréal, QC, Canada, in 2001, 2003, and
2010, respectively.

From 1994 to 1997, he was engaged in indus-
trial automation. From 1998 to 2000, he was with
the Bombardier Transport-ETS Research Laboratory,
Montréal, QC, Canada, where he worked on a high-
power traction system. From 2001 to 2003, he was
involved in the development of an electrical drive li-
brary for the Simulink (MATLAB) environment. From 2007 to 2010, he was
with OPAL-RT Technologies, where he led CPU-based and FPGA-based power
electronics real-time simulation projects. From 2010 to 2011, he was a Visiting
Scholar in the Center for Power Electronic and System, Virginia Polytechnic
Institute and State University, Blacksburg, VA, USA, where he was involved
in the packaging of high-temperature converters for aircraft applications. He
is currently a Professor of electrical engineering at ETS. His current research
interests include EMI prediction, circuit modeling, and high density power con-
verters packaging.

Ruxi Wang (S’09-M’12-SM’16) received the B.S.
and M.S. degrees in electrical engineering from Xi’an
Jiaotong University, Xi’an, China, and the Ph.D. de-
gree in high power density and high temperature con-
verter design for transportation application from the
Center for Power Electronics Systems (CPES), Vir-
ginia Tech, Blacksburg, VA, USA, in 2004, 2007, and
2012, respectively.

In 2012, he joined the Global Research Center of
General Electric Company, Niskayuna, NY, USA, as
a Lead Electrical Engineer. He has published more
than 40 papers in refereed journals and international conference proceedings
and more than 20 awarded or pending patents. His research interests include
high-power-density converter design in transportation application, healthcare
electronics, electromagnetic interference technology, more electrical aircraft
system, advanced components, and packaging technology.

Dr. Wang received the William M. Portnoy Award for the Best Paper pub-
lished in the IEEE Energy Conversion Congress and Exposition (ECCE) in 2012.
From 2013 to 2016, he was the General Chair for 2011 CPES Annual Confer-
ence and the Technical Program Chairs, the Session Chairs, and the Topic Chairs
for ECCE. Since 2015, he has been an Associate Editor of the IEEE TRANSAC-
TION ON INDUSTRIAL APPLICATIONS and also was the Vice Chair of the Power
Electronics Devices and Components Committee in IEEE Industry Applications
Society.




<<
  /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


