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Abstract—A generalized terminal modeling technique was pro-
posed earlier to predict conducted electromagnetic interference
from a dc–dc boost converter. The predictions of these conducted
emissions showed that there was a good agreement up to 50 MHz.
This paper extends the generalized terminal modeling approach to
converters with the buck-type input. Both dc and ac applications
are discussed. The technique is developed for the electromagnetic
interference modeling of switched power converters in aerospace
applications where the requirements on electromagnetic pollution
are very strict. The model is shown to successfully predict con-
ducted emissions for a buck converter and a three-phase voltage
source inverter up to 100 MHz with an error of 6 dB or less at most
frequencies.

Index Terms—Buck converter, conducted emissions, EMI termi-
nal modeling, Norton equivalents, voltage source inverter (VSI).

I. INTRODUCTION

SWITCHED power supplies are being widely used in both
industrial and military applications. This class of power

supplies has both high efficiency and reliability. However, they
are also known to produce high levels of conducted electromag-
netic interference (EMI) due to the fast voltage switching action
(dv/dt) produced by the semiconductor switches. Thus, EMI fil-
ters are necessary to suppress the noise generated by switched
power supplies.

Designing EMI filters for aerospace applications can be quite
challenging as they need to be optimized for both weight and
volume [1], [2]. Simple and accurate EMI models of power
supplies are thus needed to facilitate the development of high-
performance EMI filters. Typically, some forms of lumped cir-
cuit models are used for modeling EMI. A detailed lumped
circuit model may consist of physics-based models of semicon-
ductor devices and all the relevant parasitics in the circuit. In the
case of power converters, such models often become too com-
plex and produce convergence issues with the simulators. Thus,
design and optimization of the EMI filter has been an art that
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mostly relied on trial-and-error methods. In fact, with the present
state-of-the-art in EMI modeling of power supplies, it is difficult
to predict conducted emissions beyond 10 MHz [3], [4]. Earlier
attempts have also used trapezoidal waveforms to approximate
the noise sources and simplified lumped circuit equivalents to
model EMI [5]–[9]. These approximations usually lead to over-
simplification at higher frequencies and hence seldom give ac-
curate predictions above a few megahertz. In order to overcome
the limitations of lumped circuit models, an alternative model-
ing style, broadly classified as behavioral modeling techniques,
has been shown to achieve faster and more accurate predictions
of EMI.

One of the earliest attempts in behavioral modeling [10]
showed a resonance method for the extraction of input
impedance of the power supply. However, the method is difficult
to apply at frequencies where noise impedance may have sev-
eral closely spaced resonances. In [11], a two-terminal Thevenin
equivalent was used to model the common mode (CM) and
differential mode (DM) noises separately for a three-phase in-
verter. The method, however, did not involve any mathematical
de-embedding of the network connected to the terminals of the
inverter. Thus, there may be inaccuracies in estimations of open-
circuit noise voltage, which is required as per the definition of
Thevenin theorem. In [12] and [13], a two-terminal Thevenin
model was used for modeling CM and DM noises separately
for a switched mode power supply. In [13], it was shown that
the two-terminal models are having serious limitations in high
frequency because of the mixed mode noise [14], [15].

In [16], a three-terminal Thevenin Equivalent was used to
model electronic appliances. However, a vectored network an-
alyzer (VNA) was used here to estimate the input impedances.
Due to the limited power rating of the VNA, this method may
not be easily applied to high-power converters. In [17], the same
Thevenin model was used to model a buck converter but with-
out using a VNA. In [18], a three-terminal model based on the
Thevenin equivalents was used to model an isolated off-line
half-bridge ac–dc converter. The system had been isolated from
ground while modeling the DM portion of the three-terminal
model, which could lead to inaccuracy since DM may not be
completely decoupled from CM at higher frequencies [14], [15].

In [19] and [20], a three-terminal Norton equivalent was used
to model a phase leg. However the model was only validated
in a condition very close to one used for its extraction. The
model uses only two impedances instead of three to represent
a three-terminal Norton equivalent [21], thus limiting its accu-
racy. In [22]–[24], an improved three-terminal Norton equiva-
lent was used to model a boost converter. The same model was
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Fig. 1. Generalized three-terminal model of buck converter based on Norton
equivalent.

also reported in [24] but with a different extraction approach.
In [25], the three-terminal Norton equivalent was applied to a
buck converter and in [26] to a half-bridge inverter. Behavioral
modeling was attempted in time domain as well [27], [28], and
some works are devoted to only CM noise modeling [29], [30].
There are other works that address only noise impedance esti-
mation [31]–[37].

Although these papers have shown successful application of
two- or three-terminal models, they usually gloss over the fun-
damental reason that allows application of linear time-invariant
(LTI) models to power converters. The true nature of these mod-
els and the limitations of such techniques have not been properly
discussed before. This paper addresses the intricacies of EMI
terminal modeling techniques. Limitations of the method and
advantages that various postprocessing steps may offer are also
discussed.

This paper is organized as follows. Section II describes the
basic terminal modeling procedure. Sections III and IV show the
experimental setup and modeling results for a buck converter,
respectively. Section III also covers essential discussion on the
applicability of terminal modeling method. Section V discusses
the model errors and Section VI gives the validation results.
Section VII extends the modeling technique to a three-phase
inverter. Finally, Section VIII concludes this paper.

II. TERMINAL MODELING PROCEDURE

A. Three-Terminal Model

This section reviews the generalized terminal modeling pro-
cedure. Fig. 1 shows a buck converter and its equivalent three-
terminal EMI model. CCM denotes the parasitic capacitance of
the converter to the ground. The model has two current sources
and three equivalent impedances. This model is a generic three-
terminal Norton equivalent of a linear network. In Fig. 1, ter-
minals positive (P), negative (N), and ground (G) are matched
to the input terminals of the buck converter. The goal is to
model the entire buck converter at these input terminals using
the three-terminal model.

In the measurements of conducted emissions, it is required
to isolate the device under test from the power source with a
line impedance stabilization network (LISN). For modeling pur-
poses, the LISN is replaced with its output impedances (ZLISN−P
and ZLISN−N ), as shown in Fig. 2. The modeling procedure

Fig. 2. Nominal case for model extraction.

Fig. 3. Attenuated case for model extraction.

assumes that the converter appears to be linear and time invari-
ant at its input terminals. This assumption, however, should be
verified for every converter before terminal EMI modeling in
carried out. The following loop equations can be derived from
Fig. 2:

VPG =
(

IPG − VPG − VNG

ZPN

)
· ZPG ||ZLISN−P (1)

VNG =
(
−ING +

VPG − VNG

ZPN

)
· ZNG ||ZLISN−N . (2)

The case shown in Fig. 2 is referred to as the nominal case. In
order to solve for five model parameters, other equations can
be developed by adding shunt impedance(s) between P and G,
between N and G, or both. These configurations are referred
to as attenuated cases. Fig. 3 shows the attenuated case when
the shunt impedance is applied to the positive side of the LISN.
Equations (3) and (4) are derived from Fig. 3. Similarly, (5) and
(6) are derived for the case when the shunt impedance is applied
on the negative side of the LISN. Note that when the shunt
is applied, the EMI noise voltages at the LISN change. Thus,
voltage terms in all of the following equations are different for
each case:

V ′
PG =

(
IPG − V ′

PG − V ′
NG

ZPN

)
· ZPG ||ZLISN−P ||ZSHUNT−P

(3)

V ′
NG =

(
−ING +

V ′
PG − V ′

NG

ZPN

)
· ZNG ||ZLISN−N (4)

V ′′
PG =

(
IPG − V ′′

PG − V ′′
NG

ZPN

)
· ZPG ||ZLISN−P (5)
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Fig. 4. Generalized three-terminal model with voltage and current sources.

V ′′
NG=

(
−ING +

V ′′
PG − V ′′

NG

ZPN

)
· ZNG ||ZLISN−N ||ZSHUNT−N .

(6)

Equations (1)–(4) and (6) can now be solved for IPG , ING , ZPG ,
ZNG , and ZPN . The final closed-form solutions are complicated;
hence, they are not shown here for the sake of simplicity [38].
This procedure, although shown here for a buck converter, in
general is the same for any power converter with three termi-
nals at its input. It should be noted that the model is always
extracted at one operating point and hence cannot be used over
a wide range of operating conditions. However, since the model
is develop only for EMI, separate models for one or a few worst
case operating conditions should be enough to address all EMI
issues.

The model shown in Fig. 1 is just one of the possible topolo-
gies that can be used for system identification at EMI frequen-
cies. As mentioned before, a Thevenin model can also be used.
In fact, a mixed current and voltage source model such as the
one shown in Fig. 4 is also possible. Here, VCM represents the
CM voltage with respect to ground and the current source IDM
is the DM currents drawn by the power supply. It should be
noted that the model is extracted in an in-circuit test according
to EMI standards, and therefore, the mixed mode noise effect is
captured automatically in the two sources. In other words, the
noise sources shown in Fig. 4 do not represent pure CM or pure
DM noise. Though various topologies are possible, there was no
significant difference seen in their accuracy. Therefore, in the
rest of the paper, we use the model given in Fig. 1.

III. EXPERIMENTAL SETUP

A. Buck Converter

The experimental setup is shown in Fig. 5. The buck converter
operates as a dc–dc converter with 200 V dc input, and 100 V
dc output across a 50 Ω load. The switching frequency fS is
100 kHz. The input capacitor CIN is a 47 μF electrolytic ca-
pacitor. The diode is a 600 V/10 A silicon carbide (SiC) diode
(C3D10060 A) from CREE and the insulated gate bipolar tran-
sistor (IGBT) (HGTG12N60A4) is a 600 V/12 A N-channel
IGBT from Fairchild.

To attain better accuracy at high frequencies, the output
impedances of the LISN (ZLISN−P and ZLISN−N ) and the shunt
impedances (ZSHUNT−P and ZSHUNT−N ) were characterized
with an Agilent 4294A impedance analyzer. The scope was set
to capture one switching cycle of the converter. It is assumed

Fig. 5. Experimental setup for extraction of the three-terminal model of a
buck converter.

Fig. 6. Line impedance stabilization network (LISN).

that all switching cycles are fairly identical unless there is any
change in the operating point of the converter. Averaging was
used to remove the random noise and the data were recorded
with a sampling time of 200 ps/point.

B. Selection of External Network Impedance

The LISN used for experiments was modified to validate the
terminal model under different source impedance conditions.
A linear model should be independent of the external network
in the desired frequency range and operating conditions. Thus,
in order to validate the developed models, two different LISN
impedances; 50 Ω and 1 kΩ, were chosen. The modified LISN
is shown in Fig. 6. Selection switches were added to switch
between 50 Ω and 1 kΩ output impedances. A well-conditioned
model should be able to predict terminal voltages (VPG and
VNG ) for both the 50 Ω and 1 kΩ LISNs [38].

An option for including the shunt impedances was also built
into the LISN itself. This was done to minimize the effects of
parasitics and obtain reproducible results. The shunt impedance
used here is a series combination of a 2 μF capacitor and a 1 Ω
resistor.

C. Applicability of the Method

The terminal modeling method uses LTI circuits for approx-
imating the EMI behavior of power converters. It is worthwhile
to understand the conditions that allow the use of LTI theory
for modeling a power converter which by nature is a nonlinear
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Fig. 7. Comparison of input DM impedance with the devices open and short
circuited.

Fig. 8. Location of parasitic inductances in the input side of a buck converter.

and time-variant network. The discussions here are based on the
buck converter described earlier in the experimental setup, but
they should apply to any converter that has a buck type input.

The issue of time variance can be understood by consider-
ing the variation in the input impedance of the buck converter
while it is in operation. Fig. 7 shows measurements of the DM
impedance with an impedance analyzer (Agilent 4294A) for two
extreme cases and an under zero dc bias condition (see Fig. 5).
In the first measurement, the devices were physically removed,
and in the second measurement the devices were short circuited.
For a buck converter, these conditions will normally not exist
but are chosen here only to show the worst case situations under
all operating conditions. It can be seen from Fig. 7 that there
is no significant difference in the input impedance in the con-
ducted emissions range (150 kHz to 30 MHz) and even up to
100 MHz. At lower frequencies, some difference is seen; how-
ever, the impedance here is very small. The measurements show
that the LISN does not see any significant change in the input
impedance of the buck converter under all operating conditions,
even during the time when the commutation takes place. The
impedance seen in Fig. 7 is inductive after 100 kHz and comes
from the parasitic inductances of the input dc bus (LBUS ), as
shown in Fig. 8. These parasitic inductances provide constant
and dominant impedance that masks the time-varying behavior
of the switches. Thus, looking from the dc-input side, the buck
converted used here can be approximated as a time-invariant net-
work. In a similar way, the CM input impedance can be shown
to be constant as well.

Fig. 9. Extracted noise sources IPG and ING of the three-terminal model.

The three-terminal model uses two constant and linear current
sources to capture the switching noise from the converter. In the
case of a buck converter, such an approximation is possible with
the presence of an input capacitor CIN . A properly chosen value
of CIN will ensure that the switching waveforms (voltage across
the device and the current through the device) remain largely
unaffected by any changes in the impedance that converters see
into the dc network (LISN). The input capacitor must provide
effective decoupling between the dc bus. The idea is to keep the
impedance of the capacitive branch lower than the impedance
of the dc bus (ZLISN + ZLbus) in the entire frequency range to
ensure that the switching energy is derived from the capacitor
and not the dc source.

The basic inference from the previous discussion is that as
long as the switching waveforms remain preserved from changes
in the external network (LISN) and the converter appears time
invariant at its input terminals, the terminal modeling method
can be applied for approximating the EMI behavior of the power
converter. The results shown here cannot be assumed for all
power converters, especially the low power ones. Depending
on the size and geometry of the converter, one should verify if
these conditions hold or not. For most medium-to-high-power
applications, these conditions are likely to hold true.

IV. MODELING RESULTS

A three-terminal model was developed for each LISN
impedance (50 Ω and 1 kΩ) using the procedure described in
Section II. It is worth noting that the models of an arbitrary
three-terminal LTI circuit created from 50 Ω and 1 kΩ LISNs
will be identical to each other with respect to the extracted
model parameters. This is because, in principle, an LTI circuit
can always be represented by its Norton or Thevenin equivalent,
regardless of the external configuration.
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Fig. 10. (a) Extracted impedances ZPG , ZNG , and ZPN of the three-terminal model. (b) Comparison of measured voltage on 1 kΩ LISN and 50 Ω LISN for the
nominal case. (c) Effect of sampling frequency on extracted model impedances from the 50 Ω LISN.

Fig. 9 shows the comparison of IPG and ING for the models
created from the 50 Ω and 1 kΩ LISNs. It is clear that the
extracted frequency-domain current sources do not show any
significant difference when extracted from 50 Ω or 1 kΩ at most
frequencies.

Fig. 10(a) shows the comparison of extracted model
impedances ZPG , ZNG , and ZPN . ZPN is almost the same for
both models as this impedance is dominated by the inductance
of the input bus and the 47 μF input capacitors between P and N
terminals. From ZPG and ZNG , the CM capacitive coupling path
is evident. Capacitive behavior can be seen in frequency range
from 1 to 10 MHz. Above 10 MHz, several spikes can be seen in
the identified model impedances. However, due to better signal-
to-noise (S/N) ratio, the spikes in the impedances extracted from
1 kΩ LISN are much lesser. Fig. 10(b) shows the comparison of
measured voltage on the positive side of 1 kΩ and 50 Ω LISNs
for the nominal case. It can be seen that at most frequencies,
the measured voltage in the case of 1 kΩ LISN is about 10 dB
higher than that of the 50 Ω LISN indicating better S/N ratio.
The smaller amplitude, especially at higher frequencies, may

also cause numerical ill-conditioning of the system of equa-
tions. To show this effect, the data measured on 50 Ω LISN was
resampled at 2-ns/point resolution and the model impedances
were extracted like before. Fig. 10(c) shows the comparison
of identified ZNG from the original dataset (200 ps/point) and
the resampled one. At around 5 MHz and at higher frequen-
cies, where the amplitude of the measured voltage was low [see
Fig. 10(b)], some new spikes can be observed now. The 1 kΩ
LISN was, however, found to be immune to changes in sampling
frequency. Thus, the 1 kΩ LISN is suited better for extraction
of model parameters as it provides better S/N ratio.

Fig. 10(a) also shows direct measurements of input
impedances. These measurements were performed using an
impedance analyzer (Agilent 4294A) when the converter was
under zero dc bias (converter was switched OFF) condition. The
DM impedance ZPN was measured between terminals P and N
with the converter isolated from the ground. Direct measure-
ments of ZPG and ZNG were obtained by assuming them to
be equal to one-half of the measured CM impedance between
P-N short circuited and the ground. It can be observed that the



BISHNOI et al.: ANALYSIS OF EMI TERMINAL MODELING OF SWITCHED POWER CONVERTERS 3929

extracted CM impedances (ZPG and ZNG ) are asymmetric in
the capacitive region. The real topological variation of the CM
impedances, which may be different due to the geometry of the
converter, can be observed here. The CM impedances are also
quite different from the ones obtained by direct measurements.
The reason for this difference is that under zero dc bias con-
ditions, the IGBT’s impedance is much smaller than the CM
impedances. The IGBT output capacitance under zero bias is
very large (nanofarad range) compared to parasitic capacitance
between the converter and the heat sink (picafarad range). Thus,
all parasitic CM capacitances to heat sink appear in parallel.
This is evident from Fig. 10(a) as the measured CM capacitance
is larger than the ones extracted by the terminal modeling ap-
proach. The extracted DM impedance, on the other hand, was
a good match with the measured DM impedance except at high
frequencies. Thus, the terminal modeling technique is useful in
estimating model impedances in real operating conditions. Un-
like the extracted model impedances, the measurements from
impedance analyzer do not show any spikes. Moreover, above
10 MHz, there is a mismatch between the extracted ZPN and
the measured ZPN from the impedance analyzer. This is be-
cause the impedance analyzer uses an internal sweep-frequency
source that keeps constant and adequately large amplitude over
the entire frequency range, thus producing good S/N ratio at
all frequencies. The terminal modeling procedure, on the other
hand, uses the switching noise from the converter to extract
model impedances indirectly. The amplitude of this noise drops
at higher frequency as seen in Fig. 10(b), leading to degradation
in S/N ratio and error in estimation of impedances.

V. MODEL ERRORS

A. Effect of LISN Impedance

The extracted CM impedances (ZPG and ZNG ) seem to be
inductive below 1 MHz. This is unrealistic because at lower
frequencies, CM impedance must be capacitive. It was shown
earlier [22] and [23] that in order to correctly identify the model
impedances, the LISN impedance must be within an order of
magnitude of the unknown impedance. To get an intuitional
understanding of the mathematical derivation in [22] and [23],
let us consider the example shown in Fig. 11. Here, an arbitrary
two-terminal Norton equivalent network is attached to the LISN.
It can be seen that if all measurements are performed across 1 kΩ
resistor, then the inductor of the LISN is in parallel with ZN . If
ZN is a small capacitor (100–300 pF), then at lower frequencies,
the impedance of the LISN inductor is much smaller than ZN .
Thus, voltage measurements at lower frequencies are dominated
by the LISN inductor and identification of ZN becomes difficult.
On the other hand, the DM impedance ZPN of Fig. 7 can be
correctly identified with this LISN as it is well below the LISN
impedances at lower frequencies.

The aforementioned problem can be avoided by using a series
insertion method as reported in [18] or by estimating the low-
frequency CM impedance assuming capacitive behavior and
extrapolating its value from the higher frequency measurements.
Since all experiments shown here use the same LISN, no such
corrections were found necessary.

Fig. 11. Two-terminal network connected to a LISN.

Fig. 12. Real parts of extracted CM impedance ZNG .

B. Identifying Real Parts of Model Impedances

An issue that has never been reported before is that the ter-
minal modeling technique can result in impedances ZPG , ZNG ,
and ZPN that have negative real parts at certain frequencies. As
an example, the real parts of ZNG are plotted in Fig. 12. The
negative real parts do not have any physical significance. Two
reasons were identified for this kind of model error.

The first reason is that the amplitude of measured voltages at
certain frequencies may be very small, and hence, the system of
equations can get numerically ill-conditioned at those frequency
points. A simple peak detect algorithm was used to eliminate
them. Frequency points where the amplitude of the measured
voltages was found to be smaller than the adjacent frequency
points were removed. The model was then extracted using the
modified frequency-domain data, and the real parts of the re-
sulting ZNG are plotted in Fig. 12 as well. It can be seen that
at frequencies (e.g., 200 kHz), where the measured voltage was
found to be low, the real part became negative, but with peak
detection this frequency point was eliminated. In Figs. 9 and
10(a), a spike at 200 kHz can be observed for the same reason.

The second reason is that the real part of the impedance may
be very small compared to its imaginary part. In Fig. 10(a), spike
at around 1 MHz can be observed. This occurs at the parallel
resonance between the CM capacitor and the LISN inductor
[see ZPG and ZNG in Fig. 10(a)]. The real part here should
approach 1 kΩ (LISN resistance). It can be seen from Fig. 12
that the identification of the real part starts to improve as they
become significantly large in comparison to the imaginary part.
However, even after peak detection some frequency points (e.g.,
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Fig. 13. Comparison of the measured and predicted conducted emissions at
the positive and the negative terminal (VPG and VNG ) of 50 Ω LISN by a model
created from 1 kΩ LISN.

at 100 kHz and around 20–30 MHz) are still negative because
the real part here is very small compared to the imaginary part.
At these frequencies, the real part of the impedances can be set to
positive or to zero without loss of accuracy as their contribution
is anyway negligible.

VI. MODEL VALIDATION

Two modes were created as mentioned before, one with a 1
kΩ LISN and the other with a 50 kΩ LISN. First, the model
created from the 1 kΩ LISN was used to predict conducted
emissions for the 50 Ω LISN. Fig. 13 shows the comparison of
predicted conducted emissions with the actual measurements of
conducted emissions on a 50 Ω LISN. The predictions made
by the three-terminal model match well with the measurements
from 100 kHz, which is the switching frequency of the buck
converter, up to 100 MHz at almost all frequencies. The error is
less than 6 dB up to 70 MHz. These predictions are computed in
a math tool and show results for all frequency points including
the ones that have a negative real part of model impedances.

Fig. 14 again gives the prediction results (only for the positive
side of the LISN) by a model created with a 1 kΩ LISN for a
50 Ω LISN. This time, however, all the negative real parts of
the model impedances were set to positive. As explained earlier,
if the real part of the impedance is not significant compared to
its imaginary part, this manipulation should not affect the EMI

Fig. 14. Comparison of the measured and predicted conducted emissions at
the positive terminal VPG of 50 Ω LISN by a model created from 1 kΩ LISN
with all negative real parts of model impedances manually changed to positive.

prediction results. Compared to prediction of VPG in Fig. 14,
no significant difference is observed in prediction accuracy. In
fact, with the impedances now having a physical meaning, the
model can now be made to run on circuit simulation software.
Lumped circuit equivalent models of any external networks like
cables, EMI filters, etc., can now be simulated with the terminal
model of the converter to evaluate their effects on conducted
emissions. The noise impedances can now be used for designing
and optimizing EMI filters as well.

The model created with the 50 Ω LISN was then used to
estimate conducted emissions for the 1 kΩ LISN. The results
obtained were compared with measured conducted emissions
values on the 1 kΩ LISN in Fig. 15. Again prediction for only
the positive side of the LISN is shown here. Negative side results
were found to be similar. It can be seen that the model created
from the 50 Ω LISN failed to predict conducted emissions at
both low and high frequencies. The reason for poor prediction
at higher frequencies can be due to a lower impedance of the
50 Ω LISN compared to the DM impedance of the system. This
error is similar to the one explained in Section V. The S/N ratio
of measured voltages on a 50 Ω LISN is also worse compared
to voltages measured on a 1 kΩ LISN [see Fig. 10(b)]. At lower
frequencies as well, the predictions are not good enough. Thus,
even though in principle there should not be any difference
between models extracted from 50 Ω and 1 kΩ LISNs, due to
measurement related errors, one of them may be more accurate
than the other.

VII. THREE-TERMINAL MODELING OF DC–AC SYSTEMS

In [26], a three-terminal model was used to model a half-
bridge inverter. The results were good up to at least 30 MHz.
The extension of this technique to dc–ac systems was shown
to be fairly easy. Since ac systems have a variable operat-
ing point over the line cycle, the conducted emissions also
change and repeat with line frequency. Thus, in order to capture
the temporal variation in EMI, the noise signature over the en-
tire line cycle is required. This can lead to very large datasets.
Some techniques have been discussed in [38] to reduce the size
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Fig. 15. Comparison of the measured and predicted conducted emissions at
the positive terminal VPG of 1 kΩ LISN by a model created from 50 Ω LISN.

Fig. 16. Experimental setup for extraction of the three-terminal model of a
three-phase VSI.

of the datasets without significantly sacrificing accuracy. The
terminal modeling technique is now applied to a three-phase
voltage source inverter (VSI).

Fig. 16 shows the test setup used. The three-phase inverter
used here has an IGBT module (Fuji 6MBP30RH060-50) and a
resistive–inductive (RL) load of 15 Ω and 600 μH, respectively.
A decoupling capacitor (film type) of 0.22 μF and a bulk capac-
itor (electrolytic) of 47 μF were placed at the input side of the
VSI (CIN ). The switching frequency was set to 20 kHz and line
frequency was 400 Hz. The converter was running at 1.2 kW.
The LISN used was the same as shown in Fig. 6. A high band-
width scope was used to record the waveforms for the entire
line cycle with a time resolution of 5 ns/point. The model was
extracted exactly as described in Section II.

The predictions were carried out using a circuit model in
(SABER R© simulator) this time. The model was implemented as
a lookup table with the information of all impedance and current
sources listed frequency point by point. Another way is to fit
an RLC circuit in the model impedances [18] with the sources
implemented in time domain. A model created from 1 kΩ LISN
was then used to predict EMI on a 50 Ω LISN. Fig. 17 shows
these results. Again, a good matching of predicted and measured
results can be seen at most frequencies between 20 kHz and
100 MHz.

Fig. 17. Comparison of measured and predicted conducted emissions at the
positive and the negative terminal (VPG and VNG ) of 50 Ω LISN by a model
created from 1 kΩ LISN for three-phase VSI.

VIII. CONCLUSION

This paper has presented the merits and challenges of EMI
terminal modeling technique for switching power converters and
extended the modeling technique to three-phase ac systems. It
was shown that the presence of dominant input parasitics and
an input capacitor helps in approximating the converter as a lin-
ear network when looked from the dc input side. The terminal
modeling approach is gray box in nature as it requires an estima-
tion of the order of the unknown model impedances; however,
it was shown that such an estimation can be easily obtained
by a direct measurement of these impedances. This paper also
discussed the problems associated with identification of model
impedances due to numerical errors and provides simple ways
to correct them.

In all, the terminal modeling technique is promising as the
models were shown to be accurate even outside the conducted
emissions range. Moreover, being numerical the terminal model
can easily run on a math tool enabling faster prediction results
when compared to circuit simulations of physics-based models.
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