
13096 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

Analysis and Decoupling of Multisource EMI in
High-Power PV Inverter

Yi Yu , Xuejun Pei , Senior Member, IEEE, Peng Zhou , Qichi Chen, and Dingkun Zhao

Abstract—The photovoltaic (PV) inverter contains four types
of converters, the active neutral point clamped (ANPC) inverter,
the boost converter, the ac auxiliary (ACAUX) flyback converter,
and the dc auxiliary (DCAUX) flyback converter. The coupling
of single-source electromagnetic interference (EMI) generated by
these different converters forms multisource EMI. The contri-
butions of each single-source EMI are hidden in the coupled
multisource EMI. Therefore, the modeling and suppression may
not be highly targeted. In this article, the decoupling method of
multisource EMI in high-power PV inverter is investigated. First,
the studied PV inverter and its multisource EMI are analyzed.
Second, the LF multisource EMI is decoupled based on the discrete
spectrum. Third, the HF multisource EMI is decoupled based on the
time–frequency matrix. Finally, the proposed decoupling method is
implemented to both LF and HF EMI of a 100 kW PV inverter. The
targeted suppression strategies are adopted based on the decoupled
single-source EMI. The peak EMI spectra dominated by DCAUX,
ACAUX, and ANPC are decreased by 18, 10, and 7 dB, respectively.
The results validate the correctness of the proposed decoupling
method.

Index Terms—Discrete spectrum, dominant EMI source,
multisource EMI decoupling, photovoltaic (PV) inverter, time–
frequency matrix.

NOMENCLATURE

HF High-frequency band above 5 MHz.
LF Low-frequency band between 150 kHz and 5 MHz.
LISN Line impedance stabilization networks.
QP Quasi-peak.
RBW Resolution bandwidth.
CE Conducted emission.
RE Radiated emission.
STFT Short-time Fourier transform.
Xf

t Element of the time–frequency matrix at time t and
frequency f.

F Frequency index of the time–frequency matrix.
FR Frequency resolution.
T Time index of the time–frequency matrix.
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TR Time resolution.
G Window function.
M Window width.
L Window overlap length.
R Window step size.

I. INTRODUCTION

THE EMI emitted by photovoltaic (PV) inverters shortens
the life of power components and reduces the reliability of

PV power generation systems [1], [2], e.g., reduces the health of
the power transformer [3]. Moreover, wide-bandgap semicon-
ductor devices are widely used [4], which further exacerbates
EMI emissions. Commercial PV inverters must pass electro-
magnetic compatibility (EMC) standards [5] before they are
promoted to the market. Because of the large size components
and the already established layout structure, EMI optimization
in high-power converters is time-consuming, labor-intensive,
and extremely restrictive, and even requires a redesign from
scratch. Accurate analysis of the EMI emission mechanism can
help debug and suppress EMI, which has attracted widespread
attention in recent years [6], [7].

Although the study of EMI for a single converter is quite
mature [8], [9], not enough attention has been paid to the study
of EMI in multiconverter systems. PV inverters, as typical mul-
ticonverter systems with multiple EMI sources coupled, bring
new challenges to the analysis of the EMI mechanism. The
multisource EMI needs to be decoupled into single-source EMI
so that the mature method for single-source EMI can be adopted.
Besides, dominant EMI sources can be identified based on the
decoupled EMI. With unknown dominant sources, high-power
EMI filters may be over-designed, which significantly increases
the cost and volume. Only by decoupling the multisource EMI
can prediction, model correction, and overall EMI suppression
be more precisely completed. Therefore, research on multi-
source EMI decoupling is urgently needed.

To decouple the multisource EMI, some measurement meth-
ods can be used [10], [11], [12], [13]. These methods require
multichannel or multicondition measurements. The multichan-
nel measurement method uses the same oscilloscope to simulta-
neously measure the standard EMI and the EMI sources within
the converter [10], [11]. However, this method is limited by
the number of oscilloscope channels and measurement conve-
nience. The multicondition measurement method decouples the
multisource EMI based on changes in system parameters such
as starting and stopping one by one. However, there is a problem
with the interaction mechanism between converters [13]. System
EMI is significantly different from that of just a single converter
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TABLE I
COMPARISONS OF DIFFERENT DECOUPLING AND IDENTIFICATION METHODS

operating independently, which may cause identification errors.
Therefore, the measurement methods are difficult to be applied
to compact high-power converters.

As an alternative, postprocessing-based decoupling methods
are more attractive [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23], [24]. These methods rely on advanced signal pro-
cessing. Multisource EMI signals obtained from single-channel
measurements are separated according to specific characteris-
tics. The method named modulation frequency analysis (MFA)
is proposed in [14] and [15]. Based on the modulation frequency
graph, the switching frequency of the EMI sources can be deter-
mined, which helps to identify the noise source. However, MFA
cannot be used to rank the noise sources because periodic signals
are highlighted in this method. The blind source separation
method is applied to decouple multi-source EMI in [16], [17].
A specified clustering algorithm is introduced to deal with the
time domain EMI. The accuracy is good but the calculation time
is long. Therefore, the method is not suitable for real-time pro-
cessing. A novel interpretation and source identification method
named basic emission theory is proposed and verified in [18] and
[19]. This innovation theory characterizes emission with four
basic waveforms, including square wave, sine wave, damped
oscillation, and spike wave. Although the method is generalized
for electronic systems, specialized complex fitting algorithms
are required. The well-known empirical mode decomposition
(EMD) has been widely used in EMI processing [20], [21],
[22]. Complex EMI signals are decomposed into several intrin-
sic modal functions (IMFs). While the IMFs cannot provide
enough accuracy for the decoupling. As the general method,
artificial intelligence is also applied to decoupling multisource
EMI [23], [24]. No prior information is needed for the method,
but machine learning needs a big database. The accuracy is also
unpredictable, and the cost is extremely high. As a summary, the
comparison of the above-mentioned methods is given in Table I,
which shows the existing methods all have their limitations in
accuracy, cost, and applicability. However, the method proposed
in this article offers better accuracy, lower cost, and reduced
complexity. In addition, it is applicable to both CE and RE,
complying with EMC standards for specified QP and average
(AV) detection. Since the proposed method only relies on known
modulation strategies and time-domain EMI measurement under
standard configurations, this method is applicable to power
converters with various power and voltage levels.

Fig. 1. 100 kW PV inverter with AC and DC LISNs.

In this article, the analysis and decoupling of multisource EMI
for a 100-kW PV inverter are studied. The proposed decoupling
method can reveal the true single-source EMI spectrum from
multisource EMI. With the help of the decoupled single-source
EMI, dominant EMI sources can be identified, and targeted
suppression can be adopted. Section II analyzes the multi-source
EMI in the studied PV inverter. In Section III, the decoupling
method of LF multisource EMI is proposed. In Section IV, the
time–frequency matrix is introduced to decouple the HF EMI.
In Section V, the proposed decoupling method is implemented
to both LF and HF EMI of a prototype PV inverter. The tar-
geted suppression strategies are adopted based on the decoupled
single-source EMI, the results of which validate the correctness
of the proposed decoupling method. Finally, Section VI con-
cludes this article.

II. ANALYSIS OF THE MULTISOURCE EMI

Fig. 1 shows the schematic diagram of a 100-kW PV inverter
with ac and dc LISNs. The PV inverter consists of four types
of power electronic converters: the three-phase three-level ac-
tive neutral point clamped (ANPC) inverter, 10 parallel boost
converters for maximum power point tracking, dc auxiliary
(DCAUX) and ac auxiliary (ACAUX) flyback power supplies.
Table II shows the modulation strategies of each converter. The
two auxiliary power supplies are both needed by the control loop
for various working situations. The boost converters increase the
dc voltage from the PV panel. The ANPC inverts the dc voltage
into three-phase ac power and feeds it into the grid. The AC
LISN is installed between the PV inverter and the grid. The DC
LISN is installed between the PV inverter and the PV panel. The
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TABLE II
MODULATION STRATEGIES OF FOUR CONVERTERS IN PV INVERTER

measured EMI by the LISNs should comply with the specified
limits in [5].

The switching devices in red shown in Fig. 1 are SiC MOSFET

devices. The black devices are Si IGBT devices. The working
frequencies of the Si devices in ANPC are much slower than
those of SiC devices. Compared to Si switching devices, SiC has
fast switching transients and small switching loss, which makes
it very suitable for high-efficiency high-power converters. Be-
cause of faster-switching transients, SiC devices have stronger
HF EMI compared to Si [25].

Every switching device in every converter leads to the voltage
and current pulse. Thus, the broadband EMI is produced in
the switching transients. The EMI generated by each converter
propagates to every part of the PV inverter. Thus, the EMI is
coupled to each other, resulting in multisource EMI. The con-
tributions of each single-source EMI are hidden in the coupled
multisource EMI. Therefore, the dominant EMI source is hard
to determine. The decoupling of multisource EMI is urgently
needed for prediction and targeted suppression.

The LF EMI has a discrete spectrum due to the PWM mod-
ulation. The fixed or near-fixed switching frequencies result in
discrete spikes in the spectrum. However, the HF EMI above-
mentioned approximately 5 MHz has a continuous spectrum not
the same as LF EMI, which is due to the switching frequency
fluctuations. The actual digital controller cannot fully guarantee
the ideal perfect fixed switching frequency, which means that
there must be fluctuations in the switching frequency. The fre-
quency fluctuations lead to spread spectrum spikes with a certain
width. The width of the spectrum spikes at higher frequencies is
larger, as a result, the spikes are connected and the continuous
spectrum is formed. Taking boost EMI as an example, even if the
frequency fluctuation of the 18 kHz switching frequency is only
1‰ (18 Hz), at HF EMI above 5 MHz, the frequency fluctuation
will be expanded to 278 times (5 kHz). The width of the spread
spectrum spikes is much larger. Therefore, the spectrum spikes
become difficult to distinguish. The other modulation strategies
like DPWM and variable frequency PWM even have a much
larger spike width, which leads to more undistinguishable spec-
tra. After the coupling of EMI sources, multisource HF EMI is
completely continuous without discrete spikes.

Due to the different spectrum, the LF and HF multisource EMI
are decoupled based on two corresponding parts of the proposed
method. The LF and HF multisource EMI are all measured in
the standard-specified setup, except for using an oscilloscope
instead of an EMI receiver to measure EMI. The LF EMI is
decoupled based on the discrete spectrum with the help of known
modulation strategies. The HF EMI is decoupled based on the

Fig. 2. Guideline of multisource EMI decoupling.

time–frequency matrix derived from STFT. Row-vector-based
dominant source preidentification is suitable for rapid analysis at
the testing site due to the simplest process. Besides, the column-
vector-based decoupling can acquire accurate magnitudes of
each single-source EMI considering QP/AV detection for further
targeted modeling and suppression. The decoupling guideline
is summarized as a flowchart in Fig. 2, which is gradually
illustrated in the following sections.

III. DECOUPLING OF LF MULTISOURCE EMI BASED ON

DISCRETE SPECTRUM

A. Detailed Spectrum of LF EMI

RBWs specified in the standard are 9 kHz for CE and 120 kHz
for RE. This setup takes into account the tradeoff between
spectral resolution accuracy and measurement speed. The bigger
the RBW, the faster the measurement speed, but the worse the
spectral resolution.

The RBW specified in the standard cannot provide enough
spectrum details to decouple the multisource EMI. Fig. 3 also
compares the spectrum with standard RBW measured by an
EMI receiver and the spectrum with 50 Hz RBW measured by
an oscilloscope. The two EMI are both sensed by AC LISN.
Due to the principle of step sweep in the EMI receiver, the fine
50 Hz RBW measurement setting results in an excessively long
time. The FFT-based time domain measurement is conducted
on the oscilloscope. The measurement time is 20 ms, which
means 50 Hz RBW. The sampling frequency is 500 MHz. Fig. 3
shows that more spectral details are obtained for the 50 Hz RBW,
allowing different EMI spikes to be separated, thus decoupling
LF multisource EMI.

B. LF Multisource EMI Decoupling Method Based on the
Discrete Spectrum

The discrete spectral spikes play a critical role in decoupling
the LF multisource EMI. Studies have confirmed that PWM
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Fig. 3. AC LISN spectrum comparison between the standard RBW of 9 kHz
and the narrower RBW of 50 Hz.

Fig. 4. Predecoupled LF multisource EMI without QP/AV detection.

converters emit spectral spikes corresponding to multiples of
their switching frequencies [26]. Moreover, different modulation
strategies have different spectra even if the switching frequency
is the same. Within the LF multisource EMI, distinct switch-
ing frequency multiples are identifiable and are represented in
various colors in Fig. 4. Specifically, four types of frequency
multiples are present, 18, 20, 81.2, and 92.6 kHz, exactly corre-
sponding to the switching frequencies of different converters in
Table II. By separating the EMI spikes with different types of
switching frequency multiples in the spectrum, multisource EMI
can be predecoupled into single-source EMI without QP/AV
detection.

Despite the frequency band overlap between the ANPC and
boost spikes, it is still possible to separate the two spectra. The
enlarged area of Fig. 4 illustrates the spectrum of the ANPC
overlapping the boost near 160 kHz. The single spike at 162 kHz
(=18 kHz×9) is excited by the boost converter, while the spread
spikes with a certain width are excited by ANPC. This is because
the ANPC adopts a sinusoidal modulation of the DPWM with
sideband harmonics. Therefore, the 50 Hz RBW spectra provide
enough details to distinguish the EMI generated by converters
with different modulations.

Fig. 5. Frequency and time domain waveform of the pre-decoupled DCAUX
EMI.

However, the QP/AV detection results specified in the stan-
dard require unique RBW and detector charge/discharge factors
[5]. The predecoupled spectrum results without QP/AV detec-
tion cannot directly compare with the standard limit. Therefore,
further processing is needed for decoupling LF EMI. The sepa-
rated single-source EMI spectra need to be transformed back into
the time domain waveform, which can be fed into the QP and AV
detection algorithms proposed in [27] that mimic EMI receivers.
Taking the spectrum of DCAUX as an example, Fig. 5 shows
both the frequency and time domain waveform of the predecou-
pled DCAUX LF EMI. Other EMI spectrum components that
are not excited by the DCAUX are set to zero. The rest spectrum
is then converted back into a time-domain single-source EMI
waveform by IFFT, only after which single-source EMI can be
detected for QP and AV results.

These detected results can be directly compared with the
standard limits for certification, which avoids misjudgment of
dominant EMI sources without QP/AV detection. For example,
in the enlarged area of Fig. 4, boost has a higher undetected EMI
spectrum than ANPC. However, ANPC has a larger spike width
than boost. The sideband harmonics of the ANPC accumulate
with each other in the QP/AV detected spectrum [28], producing
even higher EMI than boost. The final decoupled and detected
LF EMI QP results are displayed in Section V. Therefore, ANPC
is the true dominant EMI source in this band, which means the
undetected spectrum may lead to wrong dominant sources.

The LF EMI decoupling part in Fig. 2 shows the procedures of
how the LF EMI is decoupled. The multisource EMI is measured
by LISN in a standard test configuration. The time-domain
EMI is then sampled by an oscilloscope with the sampling
frequency set to 500 MHz and the sampling time to 20 ms.
The sampled time-domain EMI is imported into MATLAB to
compute the FFT spectrum at 50 Hz RBW. The different classes
of single-source spikes in the LF EMI spectrum up to 5 MHz are
distinguished. The multisource EMI is separated into different
single-source spectra. Next, the single-source EMI is subjected
to the IFFT operation to obtain predecoupled single-source time-
domain EMI. These time-domain EMI are fed into the MATLAB
program of the simulated EMI receiver [27] to calculate the
QP and AV results. Finally, the detected spectra of different
single-source EMI are spliced together to form the decoupled
LF EMI output.
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Fig. 6. Principles of STFT.

IV. DECOUPLING OF HF MULTISOURCE EMI BASED ON

TIME–FREQUENCY MATRIX

The HF multisource EMI has a continuous spectrum and
cannot be decoupled through spectrum information alone.
Therefore, this part introduces the theory of time–frequency
analysis to overcome the limitation that FFT only focuses on the
frequency domain. The elements of the time–frequency matrix
contain both time and frequency domain information. From the
perspective of time–frequency matrix row vectors, the dominant
EMI source can be quickly identified. From the perspective of
time–frequency matrix column vectors, the multisource EMI
can be decoupled.

A. Time–Frequency Matrix of the HF EMI

The short-time Fourier transform (STFT) and wavelet
transform (WT) are the two most widely used time–frequency
analysis algorithms [29], [30]. The more complex WT has
multiresolution ability, which STFT does not have. WT can
deal with broadband signals. Note that the decoupling problem
only needs to be for HF EMI, and the decoupling problem for
LF EMI can be solved by analyzing the spectral spike intervals
as shown in Section III. The disadvantages of STFT not being
able to deal well with both HF and LF EMI do not appear, so
the simpler STFT algorithm is chosen.

1) Principles of STFT: Fig. 6 shows the basic principles of
STFT [29]. Analysis windows (FFT1/FFT2/FFTm) of length M
are applied to different moments of the measured time-domain
EMI. The step size between adjacent analysis windows is R
and the width of the window overlap is L. The FFT results
are the spectral vectors at the center time of the window. The
calculated vectors for the different windows form the time–
frequency matrix of the STFT. The window function tapers at the
edges to improve time domain truncation and avoid false ringing
caused by spectral leakage. A nonzero window overlap length
of L is usually specified, as the overlap compensates for signal
attenuation at the edges of the window. The specific expression
for STFT given in (1) is modified from [29], where Xf

t is the
spectral component of the signal at the time number t and fre-
quency number f, g is the window function, FR is the frequency
resolution and N is the total number of points of the input time
domain signal. R is the step size of the window function.

Fig. 7. Analysis of the multisource EMI time domain waveform for determin-
ing STFT parameters.

The output Xf
t of (1) is the elements of the time–frequency

matrix at row f and column t. g(n−t×R) and e-j2πn(f-1)�FR can
be thought of as time and frequency selector items. The former
selects the component at the moment t×R in the input EMI x(n),
and the latter selects the component of the frequency (f-1)�FR in
the input EMI x(n). By calculatingXt

f for different combinations
of f and t, the time–frequency matrix can be obtained. The time–
frequency matrix is the most important tool for decoupling HF
multisource EMI in this article

Xf
t =

N∑
n=1

x(n)g(n− t×R)e−j2πn(f−1)·FR. (1)

2) Determining the Key Parameters of the Time–Frequency
Analysis: The window function is determined first. The Hanning
window is chosen because it has both good FR and less spectral
leakage [31]. To avoid missing the spikes due to the attenuated
edge, an overlap of 75% is usually used. Therefore, L = 0.75M,
R = 0.25M, and TR = 0.25M/fs. fs stands for sampling fre-
quency.

Then, the window width M is determined. M should not
be too large to distinguish between different spikes, nor too
small for the STFT window to contain all the oscillations of
a spike. Fig. 7 shows the time domain waveform of the signal
to be decoupled. The different spike oscillations come from
different EMI sources. The oscillation durations are emphasized
by shadings. It can be seen that 1000 ns is sufficient to ensure
that the STFT window contains the entire spike waveform. When
the sampling frequency is 500 MHz, 1000 ns corresponds to a
window size M of 500 pts. TR is now 125pts (250 ns). The spike
interval in Fig. 7 is greater than 250 ns, which can realize the
separation of different spikes. The rare case where two spikes
overlap is analyzed in Section IV-C.

Finally, the FR is determined according to (2). After window
length M is determined to be 500, the intrinsic FR’ is locked to
1 MHz, but it does not provide enough spectral details for EMI at
5 MHz. Adding zeros to the end of the window before the Fourier
transform helps to optimize FR. 500 zeros are added to the end
of time-domain data within the window function, resulting in
a total of 1000 pts, i.e., Zeros = 500, corresponding to FR of
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TABLE III
PARAMETERS OF STFT

Fig. 8. Time–frequency matrix for multisource EMI.

0.5 MHz. This results in a smoother spectrum

FR′ =
fs
M

=
500MHz

500
= 1MHz

⇒ FR =
fs

M + Zeros
=

500MHz
500 + 500

= 0.5MHz. (2)

The determined parameters of STFT are shown in Table III.
The time domain EMI waveform with a sampling time of 20 ms
and a sampling frequency of 500 MHz is subjected to STFT
with these parameters according to (1). Fig. 8 shows the derived
501 × 79 997 time–frequency matrix. Each row element of the
matrix has the same frequency and different times, and each
column element has the same time and different frequencies.
The time interval between windows is 0.25 µs. The values
of the matrix elements are complexes at different frequencies
and times. It is noted that only the amplitudes are used in
the matrix. For both CE and RE test cases, a time–frequency
matrix is generated for each. The red-marked row vectors and
the blue-marked column vectors in Fig. 8 are used to decouple
multisource EMI.

The time–frequency graph is the most important form of
representation of the STFT results. It does not work well when
dealing with the decoupling of four EMI sources. By color-
coding the amplitude of the time–frequency matrix in Fig. 8,
a time–frequency graph of HF CE EMI from 5 to 30 MHz can
be obtained as shown in Fig. 9. By analyzing the dominant EMI
time–frequency interval, specifically the interval marked in red
with a high magnitude in Fig. 9, the switching frequency of the
dominant EMI source can be determined. As can be seen in
Fig. 9, at 6–7 MHz, 6–8 ms is dominated by ACAUX of around
80 kHz switching frequency. However, in the same frequency
range, in the time range of 16–17 ms, EMI from multiple sources
has almost the same amplitude and the dominant EMI source is
difficult to determine.

Fig. 9. Limitations of using the time–frequency graph for CE HF EMI
decoupling.

Fig. 10. Identification results for the dominant EMI source at 7 MHz based
on the spectrum of the 15th-row vector.

B. Identification of HF Dominant EMI Sources Based on
Time–Frequency Matrix Row Vectors

Applying FFT to the row vectors of the time–frequency matrix
helps to address the challenge of distinguishing features within
the time–frequency graph. The process of time–frequency graph
identification essentially involves, for each frequency band,
locating equidistant intervals of high-magnitude regions, often
indicated by a redder color. Alternatively stated, the equivalent
goal is to search for periodic patterns within each row of the
time–frequency matrix, which can be efficiently identified using
FFT.

Taking the example of finding the dominant EMI sources at
7 MHz, which corresponds to row 15 of the time–frequency
matrix, the spectrum of this row vector is calculated. Since the
total number of points is 79 997 and the sampling time is 20 ms,
the sampling frequency at present is approximately 4 MHz. The
spectrum result is shown in Fig. 10. It can be seen that the
dominant EMI source in the row vector corresponding to 7 MHz
is ACAUX with a switching frequency of 81 kHz. DCAUX with
a switching frequency of 92 kHz has a slightly lower EMI. This is
more accurate and efficient than the time–frequency graph-based
identification.
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Each row vector of the time–frequency matrix in Fig. 8 is
FFT transformed to obtain 501 spectrums, extracting the max-
imum spike of each spectrum and the corresponding switching
frequency to achieve fast and accurate identification of the
dominant EMI sources in the full frequency band. The flowchart
is shown in the row-vector-based quick preidentification part of
Fig. 2.

Although the above-mentioned methods achieve dominant
EMI source identification, they do not provide the exact spectral
amplitude of single source EMI. In addition, the EMC standard
tests require CE QP/AV results and RE QP results, both of which
only the identification method cannot provide. Therefore, a more
powerful decoupling method is needed.

C. Decoupling of HF Multisource EMI Based on
Time–Frequency Matrix Column Vectors

The essence of decoupling multiple EMI sources is the group-
ing of time domain spikes. The same group contains only the
time domain spikes generated by the switching of a particular
EMI source. Subsequently, QP/average detection is performed
on each group of time-domain spikes to obtain full-band EMI
detection results for every source. These results can then be
directly compared against the prescribed EMC standard limits.

Note that the EMI time domain spikes generated by different
EMI sources have a unique spectral signature due to the different
propagation paths and the different amplitudes of the EMI
sources themselves. This signature is embedded in the column
vector of the time–frequency matrix.

For the boost, ACAUX, and DCAUX, the EMI spikes emitted
by the same EMI source at different moments are similar,
whereas those from different sources are not. Therefore, the
multisource EMI can be decoupled based on the similarity of
the spikes.

The column vector characterizes the spectrum of the EMI
spikes at different times. Spikes with similar column vectors are
grouped. The degree of similarity between two vectors can be
determined using Euclidean distance. The smaller the Euclidean
distance, the more similar the two column vectors are and the
more likely to be emitted from the same EMI source. Equation
(3) shows the grouped discriminant function for the CE HF
EMI column vector, which quantifies the similarity of different
column vectors and is also the defining formula for the Euclidean
distance. Rows 11–61 of the time–frequency matrix correspond
to HF CE frequencies from 5 to 30 MHz. The Euclidean distance
dij between each column vector Xi

n and the reference column
vector Xj

n in the time–frequency matrix is solved. Radiated
EMI is consistent with this form. Comparison of the Euclidean
distance d of the column vectors with the threshold value allows
similar time-domain EMI spikes to be grouped. It should be
noted that due to the difference in the rise and fall time of
the switching pulse, the same source EMI is divided into two
groups of rising and falling spikes. These two sets of spikes are
superimposed to give a complete single-source EMI

dij =

√∑61

n=11
(abs(Xn

i )− abs(Xn
j ))

2. (3)

Fig. 11. Euclidean distance and the threshold for decoupling the column
vectors.

The reference vector is selected based on the location of the
time domain spike. The EMI spike at 10.1507 ms in Fig. 7 is
chosen as an example to be decoupled. This time corresponds
to column 40 602 of the time–frequency matrix. The Euclidean
distance results for each column vector to the column 40 602 ref-
erence vector are shown in Fig. 11. The column vectors emitted
by the same EMI source have a small Euclidean distance, with
high similarity, but not the same, because the window function
of STFT does not always align exactly with the time-domain
EMI spike when it slides, and some spikes are affected by the
attenuation of the edge of the window function. However, the
Euclidean distances of column vectors in the same group are
still quite different from those of other source column vectors.

The Euclidean distance threshold is chosen as half of the
distance between the reference vector and the no-EMI column
vector, resulting in a threshold of 19.2 as shown in Fig. 11. Each
column vector is considered to originate from the same EMI
source as the reference vector when their Euclidean distance is
less than this threshold. Besides the interval of about 0.0125 ms
(80 kHz) indicates that the row vector group belongs to ACAUX.
Decoupling of the ACAUX EMI can be achieved by retaining
the column vector times that meet the threshold and clearing
the EMI spikes at other times. The spike retention range can be
based on the width of the selected spike to improve resolution
accuracy.

The spike width at 10.1507 ms is approximately 400 ns and a
spike retention width of 500 ns can be selected, corresponding
to 250 sampling points. This process can be achieved by mul-
tiplying the decoupling time vector shown in Fig. 12 with the
original time domain EMI signal. The decoupling time vector
keeps 1 when d is lower than the threshold, else keeping 0.
The decoupled EMI time domain spikes shown in Fig. 13 are
generated. It should be noted that an EMI source has two types of
spikes, rising and falling, which need to be decoupled separately,
the decoupled spike in the figure is generated by the falling edge
of ACAUX.

There are two EMI spikes in the interval shown in the red
box in Fig. 13. This is because the two EMI sources have almost
identical switching moments and the time domain interval of the
spikes is less than TR of the time–frequency matrix and cannot
be separated.
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Fig. 12. Derived decoupling time vector after Euclidean distance thresholding.

Fig. 13. Decoupled time-domain EMI spikes from ACAUX sources (falling
edge only).

When EMI spikes overlap, these spikes are categorized into
groups with more similar spectral peaks. The subtraction of col-
umn vector magnitudes in (3) uses linear magnitudes rather than
logarithmic decibel magnitudes. This means that the similarity
of the peak spectra is the dominant factor in determining the
Euclidean distance. EMI spikes that are more similar at the peak
have smaller Euclidean distances.

The above-mentioned process is repeated for six sets of
different reference column vectors from three types of dc/dc
EMI sources, and the rest is EMI excited by ANPC. Then, the
decoupling of all EMI sources is realized, the flowchart of which
is summarized in the column-vector-based decoupling part in
Fig. 2.

The HF and LF decoupling methods proposed in this article
are applicable to higher switching frequencies. For LF EMI
decoupling up to 5 MHz, higher switching frequencies produce
more easily distinguishable discrete spectra. Therefore, the LF
decoupling method is not limited by higher switching frequen-
cies. For HF EMI decoupling above 5 MHz, the maximum
switching frequency that the method works well is limited by the
width of the 1-µs window in the STFT. Therefore, the maximum
applicable switching frequency is 1 MHz. It should be noted
that for high-power PV inverters, the switching frequency is
only kHz, which is significantly below 1 MHz. This ensures

Fig. 14. EMI test platform for the 100-kW PV inverter. (a) CE test platform.
(b) RE test platform.

TABLE IV
PARAMETERS OF THE STUDIED PV INVERTER

the broad applicability of the proposed methods. Although the
dc AUX source operates at approximately 90 kHz, both the LF
and HF EMI can still be decoupled using methods proposed in
this article, demonstrating their effectiveness for high switching
frequencies even up to nearly 100 kHz.

V. EXPERIMENTAL VERIFICATION

A. Experimental Platform

Multisource EMI experimental platforms are shown in
Fig. 14. Parameters of the studied PV inverter are shown in
Table IV. CE and RE EMI are sensed by LISN and antenna. Then
the transformed EMI voltages are measured by an oscilloscope
R&S RTE 1024. This article analyzes the decoupling of CE
EMI at the ac port and RE EMI for the whole PV inverter. The
sampling frequency of the oscilloscope is set to 500 MHz and the
number of sampling points is 10 M. Limited to the oscilloscope
bandwidth, the radiated EMI is only analyzed to 200 MHz.

The results in the following experiments and the literature [33]
also show that the EMI exceeding the standard limits is concen-
trated before 200 MHz. This is because high-power converters
have low switching frequencies, which is due to the switching
loss and heat dissipation. For the studied 100 kW PV inverter,
all converters have switching frequencies less than 100 kHz.
For the Y-inverter in [33], the switching frequency is 100 kHz,
and the radiated EMI is concentrated before 140 MHz. The low
switching frequencies make the HF radiated band greater than
200 MHz almost immune from radiated EMI.

B. Validation of LF Multisource EMI Decoupling

Fig. 15 shows the decoupling results of LF EMI based on
the discrete spectrum. The LF multisource and the decoupled
single-source EMI are all detected for QP results [27]. AV results
are similar and therefore are not shown. The dominant EMI
sources are identified based on the decoupled EMI. Then, the
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Fig. 15. QP spectrum comparison of the LF multisource EMI with decoupled
single-source EMI.

Fig. 16. Targeted suppression for LF multisource EMI. (a) Schematic. (b) Size
comparison between targeted and typical suppression.

targeted LF EMI suppression is developed to verify the accuracy
of the LF decoupling method.

First, the comparison between Figs. 4 and 15 illustrates the
importance of simulating EMI receiver processing. In the fre-
quency band around 160 kHz, boost EMI is greater than ANPC
in the 50 Hz RBW spectrum of Fig. 3. However, in the 9 kHz
RBW spectrum after the detector operation, the EMI magnitudes
of boost and ANPC are comparable in Fig. 15, which proves the
superiority of the proposed decoupling method. The possible
changes of the dominant EMI source under different RBW are
fully considered. The 9 kHz RBW specified in the standard
should be adopted.

Then, the LF dominant EMI sources are analyzed based on
the decoupled EMI. As shown in Fig. 15, the peak LF EMI
frequency is 560 kHz. At this frequency, the DCAUX is the
dominant source of LF EMI with the highest magnitudes and
should be targeted for suppression measures. The main prop-
agation path of the DCAUX is through the dc BUS and then
through the N line or ANPC circuit output to the ac LISN in
Fig. 1. The measured multisource EMI is dominated by common
mode (CM) EMI. Therefore, the targeted suppression strategies
exclusively address CM EMI.

Fig. 16 illustrates the targeted suppression strategy for the
DCAUX. A small magnetic ring is installed on the input cable
of the DCAUX, plotted in red in Fig. 16. Typical suppression
strategies require that the ring be installed at the ac output of the
PV inverter, where the cable needs to withstand a high current of

TABLE V
IDENTIFICATION RESULTS OF DOMINANT EMI SOURCES

TABLE VI
PARAMETERS OF THE TARGETED SUPPRESSION STRATEGIES

Fig. 17. QP spectrum comparison of the LF multisource EMI before and after
targeted suppression.

150 A. The high-power ring has a much larger size. Fig. 16 also
compares targeted suppression with a small magnetic ring and
typical suppression with a large magnetic ring, and it is clear that
targeted suppression significantly increases the power density.
The parameters of the magnetic ring are shown in Table VI.

Fig. 17 shows the LF multisource EMI before and after
targeted suppression. In the 400 kHz–1 MHz band, the targeted
suppression strategy for the DCAUX achieves a maximum
suppression of 18 dB. Besides, other frequency bands that are
not dominated by DCAUX have almost no changes. The results
verify the correctness of LF EMI decoupling.

C. Validation of HF Multisource EMI Decoupling

The HF multisource EMI decoupling is validated in two
aspects. First, the row-vector-based identification results and
the column-vector-based decoupling results are compared to
mutually verify the correctness. Second, targeted suppression
strategies for HF EMI are implemented for further validation.

1) Validation Based on Row and Column Vectors: Table V
shows the identification results of the dominant EMI sources at
several key frequencies based on the time–frequency matrix row
vectors.

Fig. 18 shows the time domain waveforms of HF CE mul-
tisource EMI and decoupled single-source EMI based on the
column vectors. The decoupled radiated EMI results are similar
and not repeated. The decoupled time-domain EMI is also
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Fig. 18. Time domain waveform comparison of the multisource EMI and the
decoupled single-source EMI in the HF CE band.

Fig. 19. QP spectrum comparison of the HF multisource EMI with decoupled
single-source EMI.

detected for the QP results by a simulated EMI receiver program
[27]. The HF CE and RE QP spectrums results are combined in
Fig. 19. Due to the different units of the CE and RE curves, the
curves are not continuous at 30 MHz.

By analyzing the magnitudes of the decoupled QP EMI, it can
be seen that the results in Table V and Fig. 19 validate each other.
For example, the dominant EMI source identified in Table V at
35 MHz is the ANPC and the curve with the highest amplitude at
35 MHz in Fig. 19 is also the ANPC. The other key frequencies
are also mutually verified. The results validate the correctness
of HF EMI decoupling.

Note that when the EMI of two sources has similar QP values,
the row-vector-based identification method prioritizes ANPC
as the dominant EMI source. This is because spikes of ANPC
vary with the magnitude of the power sinusoidal current and
have larger peaks compared to the smooth spikes of the dc/dc
converters. The decoupled ANPC QP value at 13 MHz is equal
to that of ACAUX in Fig. 19, and the dominant EMI source
identified in Table V is ANPC. This also shows that the essence
of row-vector-based dominant source identification is only peak
identification, though it is much simpler. The multisource EMI
decoupling method based on column vectors has the superiority
of being able to perform QP/AV postprocessing.

2) Validation Based on Targeted Suppression: As shown in
Fig. 19, the peak HF EMI frequency is 6 MHz for CE and 35 MHz
for RE. The ACAUX and ANPC are the corresponding dominant
sources that need targeted suppression.

Fig. 20. Targeted suppression for HF multisource EMI. (a) Buffer circuits for
ANPC. (b) Y-capacitors for ACAUX.

Fig. 21. QP spectrum comparison of the HF multisource EMI before and after
targeted suppression.

For the HF CE EMI, a magnetic ring cannot be installed at the
input of the ACAUX like DCAUX. Because the converter has
no interconnect cable but only PCB traces. In this case, adding
Y-capacitors is a good choice [32]. For the HF RE EMI, a few
cancellation techniques work well in this band. Buffer circuits
may be a not bad choice.

Fig. 20 illustrates the targeted suppression strategy for the
ACAUX and ANPC. The Y capacitors are installed between the
primary side ACGND and the secondary side FGND in ACAUX
to suppress HF CE EMI. The damping resistors are also added
to avoid resonance. The FGND of the ACAUX is the reference
ground of the drive fan circuit, with a large current and more
turns in the winding, generating a larger CM current. The Y
capacitor is therefore installed to suppress EMI from FGND.
The value of the Y capacitor and damping resistor are 4.7 nF and
1 Ω respectively, as shown in Table VI.

The operating frequency of SiC in ANPC is 20 kHz, much
higher than the 50 Hz operating frequency of Si devices. The
higher switching frequency generates EMI with higher ampli-
tude, so the SiC device is the main EMI source in the ANPC
and the buffer circuits should be connected in parallel to the SiC
devices. Buffer circuits of 1.5 nF capacitor are installed parallel
with ANPC’s SiC switching devices to suppress HF RE EMI.
The buffer capacitors can reduce the switching speed of the SiC
devices, which significantly suppresses HF EMI [25].

Fig. 21 shows the CE and RE EMI spectra before and after
the targeted suppression strategies. In the 5–10 MHz band,
the targeted strategy of the Y capacitor for ACAUX achieves
a maximum suppression of 10 dB. In the 30–40 MHz band,
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the targeted strategy of the buffer circuits for ANPC achieves a
maximum suppression of 7 dB. The results verify the correctness
of HF EMI decoupling.

VI. CONCLUSION

Multisource EMI decoupling method for a 100-kW PV in-
verter is proposed in this article. The analysis of the LF and HF
spectrum leads to two different parts of the proposed decoupling
method. The LF multisource EMI is decoupled based on the
discrete spectrum. The HF multisource EMI is decoupled based
on the time–frequency matrix due to its continuous spectrum.
Experiments on the 100 kW PV inverter are conducted to vali-
date the proposed decoupling method. Based on the decoupled
single-source EMI, targeted suppression strategies for dominant
EMI sources are proposed and implemented. The suppression
results validate the correctness of both the LF and HF multi-
source EMI decoupling methods.

The proposed decoupling method can be applied to various
power electronic systems, and make the prediction and suppres-
sion more targeted.
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