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A Noise Source Impedance Extraction Method for Operating SMPS Using
Modified LISN and Simplified Calibration Procedure

Xiaofan Shang, Donglin Su, Hui Xu, and Zhenzhen Peng

Abstract—A noise source impedance extraction method for
switched-mode power supply (SMPS) under operating condition
is proposed and validated in this letter. First, a simplified precal-
ibration method using several known impedances is introduced
to eliminate the influence of measurement instruments and other
parasitic effects. Second, the configuration of the proposed method
is presented and the calculation methods of common-mode and
differential-mode noise source impedances using microwave trans-
mission analysis are described, respectively. The experimental re-
sults show that the proposed method can extract the noise source
impedance of SMPS in wide frequency band with sufficient accu-
racy. Compared with traditional methods, the complex calibration
process can be simplified, and no more additional equipment is
required. Moreover, a novel multiple-function line impedance sta-
bilization network (MF-LISN) with the function of electromagnetic
interference measurement and noise source impedance extraction
is designed according to the proposed method. Since only MF-
LISN is used, it can be more convenient to extract the noise source
impedance of SMPS for electromagnetic compatibility pretest.

Index Terms—Electromagnetic conductive interference,
impedance measurement, switched-mode power supplies (SMPS).

I. INTRODUCTION

ONDUCTED emission control of switched-mode power
C supply (SMPS) from tens of kHz to 30 MHz to meet the
electromagnetic compatibility (EMC) regulations is a vital work
in SMPS design procedure, and electromagnetic interference
(EMI) filter is an effective way to conducted emission control
[1]. However, since the noise source impedance of SMPS un-
der operating condition is not 50 €2, the value of noise source
impedance of SMPS under operation condition has great influ-
ence on EMI filter designing [2] and EMI behavior modeling
(31, [4].

The noise source impedance of SMPS may vary with several
parameters such as input current, input line, and other para-
sitic parameters. Therefore, the impedance of operating SMPS
may be different from the impedance of offline SMPS. Online
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measurement of noise source impedance of an SMPS can bring
more accurate and more specific result than offline measure-
ment. An impedance analyzer (IA) can be used to measure the
noise source impedance of offline SMPS simply. However, since
only dc bias is provided by IA and it may be insufficient, it is
hard to guarantee a normal operating state for SMPS. Besides,
it may have a risk of damage due to the large current when an
IA is directly connected to an operating SMPS.

Some attempts such as resonance method [5] and insert loss
method [6] have been introduced several years ago to measure
the noise source impedance of SMPS. The resonance method
proposed in [5] was used to obtain the noise source impedance
by adding resonant inductor in the SMPS port, but there was no
clear way to choose a proper value of the insertion impedance.
The insert loss method [6] can only obtain the magnitude of
impedance directly, and it is impossible to carry out the mea-
surement under the operating conditions.

In [7], an SMPS noise source impedance extraction method
using line impedance stabilization network (LISN) and vector
network analyzer (VNA) was proposed, in which a standard
through-open-short-match (TOSM) calibration procedure was
used at the LISN-EUT interface to compensate the effects of
LISN and other factors. Since lines between LISN and EUT
are not coaxial, the calibration devices need to be customized
and the calibration procedure is quite complicate to carry out.
Besides, since the inductance of LISN is not large enough be-
low several hundred kilohertz, the power grid may affect the
accuracy of SMPS noise source impedance extraction. How-
ever, since the standard TOSM calibration procedure cannot be
carried out when the power grid is connected, it is difficult to
eliminate the influence of the power grid below several hundred
kilohertz.

The two-probe method presented in [8]-[10] was presented
to measure the noise source impedance of SMPS under oper-
ating conditions using a VNA and two current probes. In this
method, either known resistors or calibration fixture is required
to characterize the current probes and parasitic effect. However,
additional current probes that may be unavailable are required
in this method, and the injection effect may be poor due to the
large transfer impedance of the probes in the low-frequency
range. Moreover, some uncertainty may occur, since it is hard
to fix current probes in different measurement and calibration
process.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. Physical interpretation for CM and DM noise source impedances.

In addition, there were some online impedance measurement
methods proposed in related areas. For example, online mea-
surement of battery impedance at different frequencies is quite
important to characterize batteries. And some progresses by uti-
lizing power electronics as the excitation source were proposed
to make impedance measurement of battery more convenient
below several hundred kilohertz [11]-[13]. In these methods,
a testing signal with quite small magnitude is injected, and
an oscilloscope is used detection the signal in time domain.
When the impedance is large, which may be more than several
tens €2 in SMPS, the magnitude of the tested circuit signal is
too small to detect in time domain using an oscilloscope. In
other words, the methods proposed in [11]-[13] are not suit-
able for SMPS applications. Moreover, a measurement method
for voltage-dependent capacitances of power semiconductor de-
vices using high-voltage dc bias is presented in [14]. However,
three current probes are required, and its calibration procedure
is similar to the method proposed in [9], which we consider
complicated.

A noise source impedance extraction method under operating
conditions based on modified LISN and simplified calibration
procedure is proposed in this letter. The rest of the letter is orga-
nized as follows: Section Il reviews the definition of noise source
impedance and introduces the proposed measurement and calcu-
lation methods for common-mode (CM) and differential-mode
(DM) noise source impedances, respectively. A novel modified
LISN that can be used for EMC pretest based on the proposed
method is shown in Section III, and the experimental valida-
tion is also presented. Finally, the conclusions are given in
Section I'V.

II. DERIVATION OF THE PROPOSED METHOD

Considering a typical SMPS with phase, neutral, and ground
lines, the CM and DM noise source impedances can be defined
separately. There are several physical interpretations for CM
and DM noise source impedances [6], [15], [16]. Fig. 1 shows
the physical interpretation in [6], which we consider as the
most straightforward. The CM noise source impedance Zg,, is
the equivalent impedance between the ground and the terminal,
which is formed by shorting phase and neutral lines. The DM
noise source impedance Zgq,, is the impedance between the
phase and neutral lines without the ground current.

It is specified in EMC regulations such as MIL-STD-461
that standard LISNs are required to insert between the power
grid and the EUT in a standard CE measurement[17]. All the
devices of a standard LISN are specified in the corresponding
regulations.
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Fig. 2. Measurement configuration of DM noise source impedance.

A. DM Noise Source Impedance Extraction Method

As shown in Fig. 2, Z; is the impedance between the phase
line and neutral line, while Z; g and Zng are the phase-to-ground
and neutral-to-ground impedances. Two LISNs are inserted be-
tween the SMPS and power grid by connecting them to phase
line and neutral line, respectively. The EMI measurement ports
P,,1 and P,,» of the two LISNs are separately connected to
Portl and Port2 of a VNA using coaxial lines. The VNA is well
calibrated and used to measure the magnitude and phase of S
parameters of the whole system in the range of measurement
frequencies.

Aninductor L, with several millihenry inductance is inserted
between the ground line of SMPS and LISN to reduce the ground
current in the range of measurement frequencies. Since the par-
asitic capacitance at high frequencies may make the impedance
of the inductor pretty small, an impedance measurement is rec-
ommended to ensure that the impedance of L, is large enough
in the whole frequency range.

Moreover, in order to minimize the error that may be caused
by the external cables at high frequencies, the cables used in
calibration procedure should be the same or similar to the actual
cables and the external cables should have a certain distance
(e.g., the distance of the two wires is more than five times the
radius of the wires) to reduce the proximity effect [18].

Meanwhile, since the impedance of the grid may change with
time depending on other equipment on the grid, a stabilized volt-
age supply is recommended as power supply. With the usage of
stabilized voltage supply, other equipment can be controlled to
ensure that the impedance of grid stay the same. Under condi-
tions where a stabilized voltage supplies are unavailable, one
can reduce the time lapse between calibration and measurement
to reduce the impedance change of the power grid.

1) Calibration Procedure: A known impedance Z,, is con-
nected between the EUT ports of two LISNSs, instead of SMPS
shown in Fig. 2. The equivalent circuit that is divided into three
cascade networks is shown in Fig. 3. Ry and C are the resistor
and the capacitor of LISN, respectively. Z; ¢ is the additional
impedance caused by L, C, Ry, and power grid. Z. is the
parasitic impedance caused by external cables.

As describe in [19], the ABCD parameters of the Network2
in Fig. 3 are Ay =1, By = Z,,, C, =0, and Dy = 1. Since
Networkl and Network3 are the equivalent circuits of two same
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Fig. 3. Equivalent circuit of DM noise source impedance calibration.

LISNSs, and the back-to-back connection mode of two LISNs as
shown in Fig. 3 guarantees that the Networkl andNetwork3 are
mirror symmetrical. Thus, we can obtain A; = D3, By = Bs,
Cy = (4, and Dy = As. The ABCD matrix of the whole three
cascade networks can be expressed as

AB] A B[4 B.][4s By
co|=|c, b ||c, D, || Cs Dy
_[AC\Z,y, + BiCy + A\Dy A3Z,, +2A:1By )
- CiZ, +2C\D,  AC\Z, + BiCy + A1D,y
where
B=AZ, +2A, B
C=CtZ, +2C,D.

(2a)
(2b)

On the other hand, using the S parameters measured by VNA
and the relationship between S parameters and ABCD parame-
ters [19], B and C can be computed as

(14 S11)(1 + Sa9) — S12521

B =7 3
0 551 (3a)
1 (1-51)1+ S S125
027( 11)(1 4 Sa2) 4 S12.521 (3b)
Zy 259
where Z is the characteristic impedance of the measurement

system.

When two known impedances Z,,,; and Z,,» are connected to
the LISNSs in turn, the B parameter of the whole network shown
in (2a) can be written as

By, = AZ, +2A,B "
BZ = A%ZmZ + 2A1B1

m 2

where Bz, and Bz, , are the B parameters of the whole net-
work when Z,,; and Z,,» are connected, respectively. There-
fore, the A; parameter of the Networkl can be solved as
Ay = 4y B = D2 ©)
Zml - Zm?
where Bz | and By , can be calculated using (3a) and the §
parameters measured by the VNA.

There are two solutions in (5). Since the measurement con-
figuration can be regarded as a lumped parameter system, the
equivalent circuit of Networkl in Fig. 3 is composed of discrete
passive devices. All the real part of ABCD parameters of these
passive devices are greater than zero; thus, the real part of A
parameter of Networkl should be greater than zero. Moreover,
if we use the A parameter with negative real part, the real part
of the calculated noise source impedance will be negative in
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Fig. 4. Equivalent circuit of DM noise source impedance measurement.

the whole frequency range, which is not in conformity with the
actual situation. Based on the above considerations, we take the
solution with the positive real part as A;.

Substituting (5) into (4), the B; parameter of the Networkl
can be expressed as

BZ +Bzmz)_A% (Zm1+Z'm,2)

4A,

Likewise, the C, parameter and D; parameter of Networkl
can be obtained using (2b) as
Cy

—Cy .
C — :l: m 1 m 2 (7)
! Zml - ZmZ

B, = 2 . ®

and

(CZ +CZ,”2)_C]2 (Zml +Z’m2)

4C,

where the Cz, | and Cy, , are the C parameters of the whole
network when the 7,1 and Z,,» are connected, respectively.
They can be calculated using (3b) and the S parameters which
are measured by the VNA.

The ABCD matrices A1 and Az of Networkl and Network3
can be constructed using (5)—(8).

2) Calculation Method: The equivalent circuit that is also
divided as three cascade networks of measurement configuration
is shown in Fig. 4. Ry and C are the resistor and capacitor of
LISN, respectively. Z ¢ is the additional impedance caused by
Ly, C1, Ry, and power grid. Zg.; is the parasitic impedance
caused by external cables. Z} . and Z) are the impedance
caused by Zr ¢, Zn¢ and ground inductor L, respectively.

We use A;, Ay, and Aj to represent the ABCD matri-
ces of Networkl, Network2, and Network3, respectively. The
ABCD matrix of the whole network can be calculated as
A=A A A;3.

Since the ABCD matrices A; and Ag are obtained in cal-
ibration procedure, the ABCD matrix of Network2 can be
calculated as

m 1

D, =

®)

Ay = ATTAAGY ©)

where A7 and A3 are the inverse matrices of A; and As.
Since Network2 is a typical m-mode circuit, the impedance
Z4 can be calculated as Z; = B> using the relation between
the impedance and ABCD matrix[19]. As mentioned before, the
DM noise source impedance Zgq,, is the impedance between the
phase and neutral lines without the ground current. In the pro-
posed method, since an inductor L, shown in Fig. 2 is inserted
between the ground line of SMPS and LISNs, the impedances
Z; ¢ and Z}y ; as shown in Fig. 4 can be several hundred ohms to
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Fig. 5. Diagram of the modified LISNs and CM noise source impedance

measurement configuration.

several hundred kiloohms in the frequency range of 100 kHz to
30 MHz. While the DM noise source impedance is typically tens
of ohms to hundreds of ohms in the same frequency range, the
ground current can be regarded sufficiently small [6]. Therefore,
we can use the calculated Z; = B> to estimate the DM noise
source impedance Zgqy, -

B. CM Noise Source Impedance Extraction Method

1) Modification of LISN and Measurement Configuration:
As shown in Fig. 5, we substitute the resistor Ry of LISN into
two equal series resistors R, = 1/2R5 and connect the resistors
R}, of two LISNs. Two new coaxial ports named P.,,,; and Pe.p,,o
are also connected. P, and P, > are connected together as
Fig. 5 and the two ports are connected to the two LISNs. The
diagram of modified LISN and CM noise source impedance
measurement configuration is shown in Fig. 5. The coaxial ports
Py and P, 0 of two LISNSs are separately connected to Port1
and Port2 of a VNA. The VNA is well calibrated and used to
measure the magnitude and phase of S parameters of the whole
system in the range of measurement frequencies.

The CM noise source impedance is the equivalent impedance
between the ground and the terminal, which is formed by
shorting phase and neutral lines. As shown In Fig. 5, since the
connection of R} in two LISNS, the phase and neutral terminals
can be regarded as connected. Moreover, since the CM noise
impedance is usually large enough, shorting the phase and
neutral terminals or not makes little difference [6].

Based on the above considerations, if we consider the system
between the Py, and Py in Fig. 5, the equivalent circuit is
shownin Fig. 6. Z., is the CM equivalent impedance formed by
Zy g and Zng inFig. 5,and Z/, and Z), ; are the equivalent parallel
impedances of Py and Py, respectively. Zgq in Fig. 6 mainly
represents the impedance of capacitor C'y, the impedance caused
by ground line, and the impedance caused by phase line and
neutral line in Fig. 5. Since these three additional impedances
are connected in series with CM noise source impedance, only
one Z., is necessary to simplify the calibration procedure. Z7 .
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Fig. 6. Equivalent circuit of CM noise source impedance measurement.
is the parallel additional impedance caused by L, C, Ry, and
power grid.

2) Calibration Method and Calculation Method: Since the
equivalent circuit in Fig. 6 is a generalized m-mode circuit, the
B parameter of the network can be calculated as follows:

Zscm Zi(‘
Zscm + ch

where the B parameter can be calculated by the measured §
parameters under the configuration using (3a).

A calibration is implemented to obtain the values of Z.; and
Z} ¢ using the CM noise source impedance measurement con-
figuration, as shown in Fig. 5. First, the phase line and neutral
line are connected at the LISN and EUT interface. Second, two
known impedances Z,,; and Z,,» are connected between the
two lines and ground line, respectively. Meanwhile, similar to
considerations about the change of power grid in DM calibra-
tion part, a stabilized voltage supply is recommended as power
supply. Thus, (10) can be written as

B = Zset + (10)

Zle}/(‘
Bm - Zs@ —_—
1 /tJerl‘i‘Z/LC -
Zm2Z1c
Bpo = Zget + ——m=—.
12 set + ZmQ + Z}JC

Solving the equations in (11), the Z} ., and Z can be ob-
tained. It should be noted that there may be multiple solutions
since the equations are not linear. The solution with the positive
real part is taken as the calibration values of Z /LC and Zg.; .

To measure the CM noise source impedance Zg., of an
SMPS, the SMPS is connected to the modified LISNs, as shown
in Fig. 5. The S parameters can be measured using the VNA,
and the transmission parameter B, of the whole network can
be calculated using (3a). The CM noise source impedance Zg.p,
can be calculated by substituting the values of B,, Z’LC, and
Zset Into (10) as

(Bw - Zset)Z/LC
Z/LC - (B;t - Zsct) '

Zscm = (1 2)

III. MULTIPLE-FUNCTION LISN AND EXPERIMENTAL
VALIDATION

We have designed a new type LISN named multiple-function
LISN (MF-LISN) by modifying standard LISN based on the
principle mentioned in Section II. With an additional VNA, the
MF-LISN can be used for EMI measurement as well as DM
and CM noise source impedances extraction by simple manual
switching. For a three-line system, the circuit schematic diagram
and the photo of the prototype of MF-LISN by modifying the
standard LISN specified in [17] are shown in Fig. 7. Four coaxial
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Fig.7. (a) Circuit schematic diagram of proposed equipment. (b) Photo of the
prototype of proposed equipment.

ports and several manual switches are provided in the MF-LISN
to configure different mode measurements.

A. Experimental Validation Using Passive Resistor Network

Using passive resistors and LRC networks to validate the
effectiveness of the proposed method and the new designed
MEF-LISN, the Keysight ES080A VNA was used to measure the
S parameters.

1) Validation of DM Impedance Extraction: First, two
known resistors (10 €2 and 1 k€2) were chosen as the calibra-
tion impedances to measure the transmission ABCD matrix of
the MF-LISN under DM noise source impedance measurement
configuration.

Then, some m-mode networks were used as test objects. Each
network was composed of an unknown resistor or an unknown
RLC network as Z; and two resistors of 1 k{2 as Z; g and Zng.
The value of Z; in each network was different. The magnitude
and the phase of different Z; measured by the proposed method
and an A (Wayne Kerr 6500B) are shown in Fig. 8.

The relative errors of magnitude are less than 5% generally in
the frequency range from 100 kHz to 30 MHz. The results of the
phase are fairly accurate in most frequency points. We think the
error may cause by the following possible reasons: 1) The phase
below several megahertz is hard to be measured accurately and
errors may occur. 2) The power grid may change with time.
Meanwhile, the inductor(L;) in LISN is not large enough to
isolate the power grid in low frequency. 3) The MF-LISN we
used is a prototype, and its layout and devices are not as good
as a standard LISN. Thus, the error might increase.
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2) Validation of CM Impedance Extraction: Two known
resistors (10 © and 2.5 k€2) were chosen as the calibration
impedances. Then, some 7m-mode resistor networks were used as
test objects. Each network was composed of a resistor of 10 (2 as
Z4 and two unknown resistors or an unknown LRC network as
Z16 and Zng. The values of Z; g and Zyng in each network were
different. The magnitude and the phase of different unknown
Z1 G and Zng measured by proposed method and an IA (Wayne
Kerr 6500B) are shown in Fig. 9.

The relative errors of magnitude were less than 5% in the fre-
quency band from 100 kHz to 30 MHz. The results of the phase
were fairly accurate in most frequency points. The uncertainty
and the error of the results are caused by the similar reasons
mentioned before.

B. Experimental Validation Using an SMPS

1) Noise Source Impedance Extraction: A commercial
SMPS under normal operation condition was used to validate
the proposed method. It is an isolated converter without EMI
filter and the operating voltage is 24-V dc to 12-V dc. The
Keysight ES071C VNA was used to measure the S parame-
ters. The proposed method and MF-LISN were used to set up
the measurement configuration, as shown in Figs. 2 and 5. The
picture of practical measurement setup is shown in Fig. 10. In
order to minimize the proximity effect, we kept the cables more
than ten times from each other in this experiment, and the error
caused by the proximity effect can be significantly reduced.
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Fig. 10.  Practical setup of experimental validation using an SMPS.

To measure the DM noise source impedance, as shown in
Fig. 10, an inductor with a nominal value of 10 mH was con-
nected between the ground of SMPS and the MF-LISN. The
magnitude and the phase of the inductor we used are shown as
Fig. 11.

Two known resistors (10 €2 and 1 k€2) were also chosen as the
calibration impedances first. Then, the magnitude and phase of
DM noise source impedance of this SMPS can be measured as
shown in Fig. 12 using the proposed method.

To measure the CM noise source impedance, two known
resistors (10 € and 2.5 k€2) were also chosen as the calibration
impedances first. Then, the magnitude and phase of CM noise
source impedance of this SMPS can be measured, as shown in
Fig. 13.
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Fig. 14.  Equivalent circuit of the EMI noise measurement when an filter circuit
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2) Validation of Extracted Noise Source Impedance of the
SMPS: In order to validate the accuracy of the extracted noise
source impedance of the SMPS, an experiment that is similar
to [20] was designed. First, we used the MF-LISN, a CM/DM
noise separator, and a spectrum analyzer to obtained the original
DM noise Vg, and CM noise V., . Then, an simple filter circuit
with a known circuit was inserted between the SMPS and MF-
LISN. In this situation, the DM and CM noise with filter can
be easily predicted as Vy,,_, and Vi, , using the noise source
impedance of SMPS, the impedance of the MF-LISN, and the
parameters of filter. Finally, the actual DM and CM noise with
filter can be measured as V  and V. When the measured
noise matches the predicted noise, the extracted impedance of
the SMPS is effective.

In practical, a DM capacitor with a nominal value of
100 pF for DM validation and a CM choke for CM valida-
tion were inserted, respectively. Fig. 14 shows the DM and CM
noise measurement equivalent circuit using Thevenin’s theorem
[20], and the predicted DM noise and CM noise when the DM
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Fig. 15. Predicted and measured EMI noise. (a) DM noise. (b) CM noise.

capacitor or the CM choke was inserted can be expressed as

Zgan + Z1NCM

Zsim Zusxpm |
Vi o(dB) = Vi (B) — 20log [1 + : (13a)
indB) = Vau(dB) & Z s Zeaon + Zrsxom )|
Z ns
Vin p(dB) = Vin(dB) — 20l0g ’1 + L (13b)

where Vg, and Vg, are the original DM and CM noise, Zyy,
and Z., are the extracted DM and CM noise source impedance
of the SMPS, Z. ;s is the impedance of the DM capacitor, Z7, i
is the impedance of the CM choke, Zygnpu is the impedance of
MF-LISN between the phase line and neutral line, and Z1sn oM
is the impedance of MF-LISN between the ground and the ter-
minal which is formed by shorting phase and neutral lines. Z, s,
21 awss Z1sneM, and Zpgnpy are measured by an IA (Wayne
Kerr 6500B).

Meanwhile, when a DM capacitor or a CM choke was in-
serted, the actual DM noise and CM noise can be measured as

1 and V. The predicted and measured EMI noise are shown
in Fig. 15.

The error between the predicted and final measured noise
is less than 2 dB in most frequency points (with less than 7%
outliers for DM noise and less than 2% outliers for CM noise).
Considering the uncertainty of measurement, the instrument
error, and other factors, we believe that the result indicates that
the accuracy of extracted impedance is good enough for EMI
filter design.
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IV. CONCLUSION

A noise source impedance extraction method under operating
conditions is proposed in this letter. Since only two known re-
sistors are used, the calibration can be implemented with power
grid connected and the calibration procedure is considerably
simplified. Using the proposed method, the current probes that
may be unavailable are not required, and the injection effect
in the low-frequency range is thus improved. We also demon-
strated an MF-LISN with the function of EMI measurement and
noise source impedance extraction, which make it convenient
for the EMC pretest. The experiment results show that although
the error in most frequency points are quite small, it is larger in
the low-frequency range. Some further work needs to be done
to solve this problem in the future.

REFERENCES

[1] C.R. Paul, Introduction to Electromagnetic Compatibility. Hoboken, NJ,
USA: Wiley, 2006, vol. 184.

[2] F. Luo, D. Dong, D. Boroyevich, P. Mattavelli, and S. Wang, “Improving
high-frequency performance of an input common mode EMI filter using
an impedance-mismatching filter,” IEEE Trans. Power Electron., vol. 29,
no. 10, pp. 5111-5115, Oct. 2014.

[3] H. Bishnoi, A. Baisden, P. Mattavelli, and D. Boroyevich, “Analysis of
EMI terminal modeling of switched power converters,” IEEE Trans. Power
Electron., vol. 27, no. 9, pp. 3924-3933, Sep. 2012.

[4] 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.

[5]1 L. Schneider, “Noise source equivalent circuit model for off-line convert-
ers and its use in input filter design,” in Proc. IEEE Electromagn. Compat.
Symp., 1983, pp. 167-175.

[6] D.Zhang, D.Chen, M. Nave, and D. Sable, “Measurement of noise source
impedance of off-line converters,” IEEE Trans. Power Electron., vol. 15,
no. 5, pp. 820-825, Sep. 2000.

[71 A.Perez, A.-M. Sanchez, J.-R. Regue, M. Ribo, P. Rodriguez-Cepeda, and
F.-J. Pajares, “Characterization of power-line filters and electronic equip-
ment for prediction of conducted emissions,” IEEE Trans. Electromagn.
Compat., vol. 50, no. 3, pp. 577-585, Aug. 2008.

[8]

[9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

[18]
[19]

[20]

4139

K.Y. See and J. Deng, “Measurement of noise source impedance of SMPS
using a two probes approach,” IEEE Trans. Power Electron., vol. 19,
no. 3, pp. 862-868, May 2004.

V. Tarateeraseth, B. Hu, K. Y. See, and F. G. Canavero, “Accurate ex-
traction of noise source impedance of an SMPS under operating con-
ditions,” IEEE Trans. Power Electron., vol. 25, no. 1, pp. 111-117,
Jan. 2010.

K.-R.Liand K.-Y. See, “Evaluation of conducted EMI measurement with-
out LISN using two-port ABCD network approach for EMI filter design
under real operating condition,” in Proc. Asia-Pacific Symp. Electromagn.
Compat., May 2015, pp. 632-635.

D. A. Howey, P. D. Mitcheson, V. Yufit, G. J. Offer, and N. P.
Brandon, “Online measurement of battery impedance using motor con-
troller excitation,” /EEE Trans. Veh. Technol., vol. 63, no. 6, pp. 2557—
2566, Jul. 2014.

W. Huang and J. A. A. Qahougq, “An online battery impedance measure-
ment method using DC-DC power converter control,” /EEE Trans. Ind.
Electron., vol. 61, no. 11, pp. 5987-5995, Nov. 2014.

J. A. A. Qahouq, “Online battery impedance spectrum measurement
method,” in Proc. IEEE Appl. Power Electron. Conf. Expo., Mar. 2016,
pp- 3611-3615.

K.Li, A. Videt, and N. Idir, “Multiprobe measurement method for voltage-
dependent capacitances of power semiconductor devices in high volt-
age,” IEEE Trans. Power Electron., vol. 28, no. 11, pp. 5414-5422,
Nov. 2013.

H. Akagi and T. Shimizu, “Attenuation of conducted EMI emissions from
an inverter-driven motor,” IEEE Trans. Power Electron., vol. 23, no. 1,
pp- 282-290, Jan. 2008.

A. Ales, J.-L. Schanen, D. Moussaoui, and J. Roudet, “Impedances iden-
tification of DC/DC converters for network EMC analysis,” IEEE Trans.
Power Electron., vol. 29, no. 12, pp. 6445-6457, Dec. 2014.
Requirements for the Control of Electromagnetic Interference Charac-
teristics of Subsystems and Equipment, Dept. Defence (USA) Std. MIL-
STD-461, 2007.

C. R. Paul, Analysis of Multiconductor Transmission Lines. Hoboken, NJ,
USA: Wiley, 2008.

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

V. Tarateeraseth, K. Y. See, F. G. Canavero, and R. W. Y. Chang, “System-
atic electromagnetic interference filter design based on information from
in-circuit impedance measurements,” /EEE Trans. Electromagn. Compat.,
vol. 52, no. 3, pp. 588-598, Aug. 2010.




<<
  /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


