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Abstract — This paper proposes a method for build-
ing a high-frequency model of common-mode chokes in
the frequency range of 9kHz to 200MHz. The method
only needs to measure the common mode and differen-
tial mode impedance data of the common mode choke,
and then use the differential evolution algorithm to pro-
cess the impedance data to complete its high-frequency
modeling. Comparison with the high-frequency model
obtained by using a genetic algorithm shows that the
method has high accuracy. After the high frequency
modeling of the common mode chokes, the high fre-
quency modeling of the X and Y capacitors is performed
using the differential evolution algorithm, and the high
frequency model of the EMI filter is obtained by combin-
ing it with the established high frequency model of com-
mon mode chokes. By comparing the measured and sim-
ulated conducted interference noise suppression effect of
the EMI filter, the high frequency model of the com-
mon mode chokes is verified to suppress the conducted
interference, and the effectiveness of the common mode
choke high frequency modeling method is determined.

Index Terms — common mode chokes, electromagnetic
compatibility, electromagnetic interference, EMI filters
and differential evolution algorithm

L. INTRODUCTION

With the development of the power electronics
industry and the gradual application of new materials
such as gallium nitride (GaN) and silicon carbide (SiC),
the switching frequency and power density of power
electronics devices are increasing, and the resulting elec-
tromagnetic interference (EMI) is becoming more and
more serious. EMI not only reduces the reliability of the
power electronic equipment itself, but also pollutes the
power grid, and can even lead to the failure of equip-
ment in the grid [1]. Therefore, all electronic equip-
ment must be rectified for its electromagnetic compati-
bility (EMC) characteristics before production and use.
The EMI filter is a low-pass filter whose main func-
tion is to transmit the power of DC, 50Hz or 400Hz, to
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the equipment without attenuation, greatly attenuate the
EMI signal introduced by the power supply, and protect
the equipment from damage. At the same time, the fil-
ter can effectively suppress the EMI signal generated by
the equipment itself from entering the power grid, pol-
luting the electromagnetic environment and endangering
other equipment. Therefore, EMI filters are indispens-
able devices to help electromagnetic equipment and sys-
tems meet relevant EMC standards, such as IEC, FCC,
VDE, MIL-STD-461, and other EMC standards.

A common mode choke (CMC) is a key component
of an EMI filter, and its volume generally accounts for
40% of the volume of an EMI filter, which is the cor-
nerstone of EMI filter design. However, due to the para-
sitic parameters of the CMC in the EMI filter and the fre-
quency characteristics of the magnetic core material, the
performance of the EMI filter will decrease above a cer-
tain frequency, resulting in unexpected EMI suppression
effects. Therefore, the study of the high-frequency char-
acteristics of CMC is conducive to better suppression of
conducted interference, thereby helping to improve the
performance of EMI filters. The CMC core material is
usually Mn—Zn ferrite, nanocrystalline and other mag-
netic materials [2]. Due to the common influence of the
frequency characteristics of CMC core materials, para-
sitic capacitance, and winding leakage inductance, the
frequency characteristics of a CMC are significantly dif-
ferent from the ideal value, which also brings challenges
to the research of CMCs.

In recent years, there have been much research on
CMC modeling methods at home and abroad; for exam-
ple, the common mode and differential mode S param-
eters of a CMC have been obtained through three mea-
surement methods, and then its passive equivalent cir-
cuit model established, the parasitic inductive coupling
parameters extracted through network gain measure-
ment, and the performance of EMI filter analyzed. The
parameters in the CMC high-frequency model have been
extracted by impedance measurement and combined
with an iterative rational function approximation fitting
algorithm. There have been studies on identifying and
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quantifying the physical mechanisms leading to changes
in the attenuation of CMCs and EMI filters by analyzing
the effect of conductive strips placed close to the CMC
on the attenuation provided by CMC-mounted EMI fil-
ters [3H17].

However, there are still deficiencies in previous
research, specifically: although the literature [18] ini-
tially gave a modeling method for CMC based on
impedance measurement, the influence of the decrease of
the common mode inductance value with the increase of
the frequency has been ignored and the effects of factors
such as leakage capacitance have not been considered.
Therefore, the proposed modeling method is not perfect.
In the literature [19], Henglin Chen improved the CMC
high-frequency modeling method based on impedance
measurement implementation and established a more
accurate CMC high-frequency model. However, the
impedance extraction of this method is based on the
impedance analyzer, while the vector network analyzer
(VNA) and the optimization algorithm used in this paper
provide another reference for the high frequency model-
ing of CMCs. In addition, Stevanovic I [20] made com-
mon mode (CM) and differential mode (DM) circuits
connected together by adding mutual inductance to the
inductor in the CMC equivalent circuit, which avoided
studying the CM and DM parts of the CMC separately.
Although Stevanovic I used a genetic algorithm (GA) in
high-frequency modeling, the algorithm was proposed
earlier and converged slowly when the impedance for-
mula was more complex, which was not favorable for
the extraction of RLC values.

The second part of this paper introduces the applica-
tion of a differential evolution algorithm (DE) algorithm
in CMC high-frequency modeling; the third part estab-
lishes the CMC high-frequency modeling by using a DE
algorithm and the method of split-band fitting, and com-
pares the impedance curves of the high-frequency model
established by the GA algorithm and DE algorithm, after
which the X-capacitor and Y-capacitor high-frequency
models are also established; the fourth part verifies the
suppression effect of the CMC high-frequency model
that has been established in this paper on the conducted
interference noise, and verifies the effectiveness of this
high-frequency modeling method.

II. DE ALGORITHM IN THE EMI FILTER
HIGH FREQUENCY MODELING

A. DE algorithm principles

The DE algorithm is a parallel direct search algo-
rithm that performs random operations on candidate pop-
ulations. The steps are mainly to initialize the randomly
selected population and initialize the parameters of the
DE algorithm, and then determine whether the termina-
tion conditions are satisfied. At this point, if the termi-
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nation condition is not satisfied, the mutation operation,
crossover operation, and selection operation will be per-
formed, followed by an iterative loop, and then the above
steps will be performed once more until the termination
condition is satisfied; the flow chart is shown in Fig. E}

Initialize population, DE algorithm
parameters

Whether the termination
condition is met

Mutation operation End

.

Crossover operation

!

Selection operation

|

t=t+1

Fig. 1. DE algorithm flow chart.

B. Application of the DE algorithm in CMC high fre-
quency modeling

The DE algorithm is used for high frequency model-
ing of the CMC, in essence, the impedance measurement
data of the CMC is processed using the DE algorithm to
solve the relevant RLC parameters in its equivalent cir-
cuit in order to obtain the optimal solution of the above
parameters. The specific steps of the DE algorithm to
process the impedance data of CMC are as follows [21].

Step 1: Propose the equivalent circuit topology of
the CMC and obtain the expressions of its CM and DM
impedances.

In this paper this is the CM impedance expression
Zcy and the DM impedance expression Zpyy.

Step 2: Extraction of device impedance information.

The CMC equivalent circuit modeling based on
the DE algorithm needs to solve the expression about
the impedance Z derived from its equivalent circuit
model according to the impedance information of the
CMC, so as to obtain its optimal equivalent model RLC
parameters.
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Step 3: Optimal parameter problem transformation.
The impedance expression obtained from the CMC
equivalent circuit topology is transformed into an expres-
sion for the impedance amplitude Z,, and then Z, is used
as the original function of the RLC parameters to be opti-
mized, and the measured impedance data Z,, is the sam-
ple. Let the expression of the CM or DM impedance Z,
of the CMC equivalent circuit model be:
Zy=0(f3X1,%2,X3,...,XD)
st xh<x; <A j=1,23,...D,
where D is the spatial dimension, D C R", xf and xg.]
denote the maximum and minimum values of the jth
component x, respectively, f is an independent variable,
Z, is a dependent variable, and x1,x2,x3,....xp are the
parameters to be determined, which are the RLC parame-
ters of the CM (DM) impedance equivalent model in this
paper. The DE algorithm is applied to the RLC parameter
extraction of the CM (DM) equivalent impedance, and its
optimization criterion function can be established by the
least-square sum of the residuals of the system model as
follows:

ey

2

N
min 0 = " |@(f) — 9(f) @
i=1

Step 4: Initialize the parameters.

For the initial populations{xl. (0)x; <x:(0) <Y,
i=1,2,3,...,Np;j=1,2,3,...,D} randomly generated,

x7i(0) = xj; +rand(0,1) - (xf; = x7)), ()
where Np is the population size, x;(0) refers to the ith
individual of generation O in the overall population, and
x;,;(0) refers to the jth gene of the ith individual of gen-
eration 0. rand(0,1) denotes the number of random dis-

tributions between 0 and 1.

Step 5: Variation operation.

The DE algorithm takes the actual value parame-
ter vector as the population of each generation and the
weighted difference of two individuals in the population
as the intermediate individual, i.e., the difference vector.
The difference vector is then added to the third individual
to generate mutations as follows:

vi(g+1) =x11(8) +F (x2(8) —x3(8)), D
where F is the mutagenic factor and x;(g) is the ith indi-
vidual of the g-generation population.

Step 6: Crossover operation.

The crossover operation refers to the exchange of
some components of individuals in the current popula-
tion with the corresponding components of mutant indi-
viduals according to certain rules to produce a crossover
population. g-generation population |x;(g)| and its vari-

ant {v;(g+1)} are crossed over as follows:
ui(g+1) = { viig+1), ifand (0,1) <Ce )

Xjis otherwise
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where j,,nq 1s @ random integer in [1,2,3,...,D] and Ck is
the crossover probability.

Step 7: Selection operation.

If the objective function of the next generation indi-
vidual is smaller than that of the current individual, the
next generation individual will replace the current indi-
vidual:

ui(g+1), if f(ui(g+1)) < f(xilg
xi(g+1)= { Sci(g), ( other)\?&/ise ) ‘
(6)

Step 8: Convergence discriminant operation.

Let the optimal individual in x(g + 1) be xpes (g + 1).
The operation can be finished when DE runs to a prede-
termined number of times or the objective function value
Q reaches the set accuracy, and the predicted result is
the optimal value of RLC parameters. If there is no con-
vergence, the operation returns to the second step and
performs variation, crossover, and selection again.

II. CMC AND CAPACITOR HIGH
FREQUENCY MODELING
The physical and circuit topology of the EMI filter
used in this paper is shown in Fig. 2] followed by model-
ing of the high frequency characteristics of the CMC, X
capacitor and Y capacitor, respectively.

1 CMC

ba

(a) EMI filters

(b) Circuit topology

Fig. 2. EMI filter physical and circuit topology.

A. CMC high frequency modeling

The equivalent model of the CMC is shown in Fig.[3]
The model consists of multiple CM and DM resonant
stages corresponding to resonances that may appear in
the measured CMC impedance waveform, and also to
improve high-frequency model accuracy. Each resonant
stage consists of a pair of coupled inductors, where the
coupling coefficient k¢ = 1 between the upper and lower
inductors of the resonant stage in the common mode
part and kp = —1 between the upper and lower induc-
tors of the resonant stage in the differential mode part.
The introduction of the mutual inductance factor ensures
that, ideally, the differential mode path is shorted when
the circuit flows common mode current and the common
mode path is shorted when the differential mode current
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Fig. 3. CMC high frequency equivalent circuit.

flows [20]]. Rc; and Rp; represent the core resistance,
reflecting the energy loss in the ferrite core due to hys-
teresis and eddy currents energy loss of the ferrite core;
Cci and Cp; represent the intra-winding capacitance; C
is the inter-winding capacitance.

Since the two windings of the CMC are completely
symmetrical in practice, to reduce CM EMI noise, an
attempt is made to ensure that the line impedance where
the two windings are located is balanced, so the effect of
C on the CM path can be disregarded. Therefore, in the
CM path, the CMC equivalent circuit can be viewed as a
circuit with complete symmetry between the upper and
lower components [19]]. In the DM path, because C is
tolerant when the frequency is very low, therefore, when
performing data fitting, the value of C is only obtained
from the starting frequency point to the first valley fre-
quency range of the measured impedance value, and the
value of other frequency bands is the same.

After determining the circuit topology of the CMC,
the next step is to measure the impedance of the CMC.
In this paper, we use a VNA to measure the impedance
of CMC. When measuring the CM impedance of the CM
path Z¢yy, ports 1 and 2 are shorted and then connected
to the VNA, as shown in Fig. [](a), the expression of the
CM path impedance relative to it is
_ JORciLci
 Rci+2joLc; —20?ReiLeiCoi’

When measuring the DM impedance Zp,, of the DM
path, the two ports of the CMC are short-circuited, as
shown in Fig.[d](b), and the expression of the differential
mode path impedance relative to it is

)

Zcm

4jwRp;Lp;

N

Zom= (ch+(RDi+2ijDi2w2RDiLDiCDi) > ’
)

In order to obtain high accuracy RLC values on a
computer with limited performance for high frequency
modeling of CMC, this paper uses a segmented fitting
method to process the measured impedance data, i.e., the
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(b) Zpym measurement

Fig. 4. CMC impedance measurement.

Table 1: RLC values of CMC CM and DM

CM i=1 i=2 DM i=1 i=2
Rci 199kQ | 0.16 Rp; 17.4 0.42
kQ kQ kQ
LCi 0.19 mH 8.77 LD,' 7.67 4.46
nH uH nH
Cci 7.20 pF | 19.60 Cpi 2.39 41.8
pF pF pF

first segment from the start frequency to the first trough
of the impedance waveform, the second segment from
the first trough to the second trough, and so on. In this
method, even if a professional workstation computer is
not used, a personal computer can be used to process
the measured impedance data and obtain the RLC values
with high accuracy.

The fitting process of the common-mode impedance
can be seen from the description of the application
of the DE algorithm in the high-frequency modeling
above. We have completed the first and second steps,
and then replaced Eq. (1) with Eq. (7), and the mea-
sured impedance data is the sample Z,,. We then wait
for the algorithm to run and then extract the RLC value
from the common-mode impedance data. The same is
true for the fitting of the differential mode impedance,
but it should be noted that the intergroup capacitance C
comes from the first frequency band. Therefore, we use
the DE algorithm and Eq. (8) to extract the value of RLC
and the value of the inter-winding capacitance C in the
first frequency band. In the frequency bands other than
the first frequency band, we substitute the value of the
inter-group capacitance C into Eq. (8), and then use the
newly obtained formula to extract the value of the RLC
of the remaining frequency segments.

The values of RLC extracted by the DE algorithm
are shown in Table [I] while the parasitic capacitance
between windings C = 3.56 pF. A comparison of the
simulated and measured CMC CM and DM impedance
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Fig. 5. Comparison between simulation and measure-
ment of the CMC impedance waveform.

waveforms based on the GA and DE algorithms, respec-
tively, is shown in Fig.[5] It can be seen from Fig. [|that,
in the low frequency band, the CM impedance and DM
impedance curves of the CMC tend to match the mea-
sured ones regardless of the algorithm. In the high fre-
quency section, the simulated and measured impedance
curves show that the DE algorithm has better accuracy
than the GA algorithm for the high frequency model in
the CM path.

The reason for such different results is that although
both the DE algorithm and the GA algorithm randomly
generate the initial population, the fitness value of each
individual in the population is the selection criterion,
and the main process also includes three steps of muta-
tion, crossover and selection. However, the GA algo-
rithm is based on the fitness value to control the cross-
ing of the parent generation. The probability value of the
offspring generated after the mutation is selected. In the
maximization problem, the individual with a large fitness
value has a correspondingly higher probability of being
selected. The DE algorithm mutation vector is generated
by the difference vector of the parent generation, and
crosses with the individual vector of the parent genera-
tion to generate a new individual vector, which is directly
selected by means of the individual of the parent gener-
ation. Therefore, the approximation effect of the differ-
ential evolution algorithm is more significant than that of
the genetic algorithm, which also makes the model estab-
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lished using the DE algorithm more accurate than the GA
algorithm in this paper.

B. High frequency modeling of capacitors

After the high-frequency characteristic modeling of
the CMC is completed, the high-frequency characteris-
tic modeling of the capacitor is carried out next. The
X capacitance values used in this paper are Cy = 4.7
UF and Y capacitance C, = C3 = 2200 pF. The high-
frequency equivalent model of the capacitor is shown in

Fig.[6]

L C
Y M Tl

O—I\/F\z/\l Il

Zc

o

Fig. 6. High frequency model of capacitance.

The following is the same as the CMC high-
frequency modeling method. First, the impedance data
of the capacitor at different frequencies are measured
using the VNA. Then, impedance data is processed using
the DE algorithm. Finally, the RLC value of the high-
frequency equivalent model of the capacitor is shown in
Table 2] and the impedance comparison between mea-
sured and simulated data is shown in Fig. [7} It can be
seen from Fig. [/] that, regardless of high frequency or
low frequency, the DE algorithm can extract the relevant
parameters of the capacitor very well.

Table 2: Capacitor high frequency equivalent model RLC

C Cr, C3
R 0.19 Q 0.18 Q
L 26.2 nH 28.3 nH
C 0.48 uF 2.85 nF

IV. CMC CONDUCTED INTERFERENCE
SUPPRESSION ANALYSIS
In the above we have finalized the EMI filter com-
ponents of the high-frequency model, according to its
topology, in order to assemble the EMI filter to complete
the establishment of a high-frequency model. In order
to analyze the suppression effect of the high-frequency
equivalent model of the EMI filter on the conduction
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Fig. 7. Comparison of the capacitive impedance simula-
tion and actual measurement.

interference, this paper selects a switching power sup-
ply with an output of 24 V/2 A, 48 W to do the actual
measurement and comparison of the interference. The
switching power supply is a Boost PFC circuit, and the
two diodes of the rectifier bridge are forward-biased con-
ducting; the interference propagation path is shown in
Fig. [§] [22], in which MOSFET Q,, is the main noise
source.

In the analysis of the conducted interference, in
order to simplify the analysis, in the CM path when only
the MOSFET drain voltage Vpgs as a CM conducted inter-
ference noise source, the line impedance stabilization
network (LISN) structure is simplified to two 50 Q par-
allel test impedances in a simplified circuit, as shown in
Fig. 0] (a). DM interference is caused by high-frequency
interference currents in the loop, while the PFC circuit
DM conducted EMI interference is usually considered to
be caused by the ripple of the inductor current i;. This
current is the DM current driven by the MOSFET drain
voltage Vpg along the loop, as shown in Fig.[8] this loop
consists mainly of a MOSFET, a rectifier bridge, and a
LISN test resistor. For the differential mode current, the
series connection of the L and N two-wire test impedance
of the LISN can be equivalent to a 100 Q resistance, as
shown in Fig.[9](b).
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Fig. 9. Conducted interference path equivalence dia-
gram.

In this paper, because the high-frequency model of
the CMC introduced the mutual inductance coefficient,
the conducted interference simulation does not have to
be divided into CM and DM paths. In the conducted
interference simulation modeling, the output of a square
wave voltage source is a noise source, so as to verify the
EMI high-frequency model of the conducted interference
noise suppression capability. The conducted interference
simulation is built in PSpice, a simulation schematic of
which is shown in Fig. @(a). The V consists of a square
wave voltage source with a frequency of 20 kHz, a volt-
age of 0.05 V and a resistor of 50 Q. The circuit topology
is shown in Fig. @ V1 is a DM interference source, V,
and V3 together form a CM interference source to simu-
late the noise source of the conducted EMI generated by
the boost circuit during operation. The conducted inter-
ference noise test apparatus of the switching power sup-
ply is arranged as shown in Fig. [I0](b). Simulation of the
conducted interference waveform, as well as the EMI fil-
ter to suppress the interference waveform, is shown in
Fig. |'12| (a); measured with and without EMI filter con-
ducted interference waveform. The results are shown in
Fig.[12](b).

From Fig. [T2] it can be found that the EMI filter
in the real test has a good suppression of conducted
interference, and the EMI filter high-frequency equiv-
alent model also reflects this suppression ability. Since
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Fig. 11. Interference source circuit topology.

the noise source in the simulation is ideal and only sim-
ulates the switching frequency in the actual operation
of the switching power supply, it does not fully reflect
the real noise of the switching power supply used in
the actual test. However, by comparing the measured
and simulated, EMI filter suppression of the conducted
interference can be found. The EMI filter high-frequency
model can reflect the conductive interference suppres-
sion ability of the filter, but also proves that the modeling
method of this paper works.

V. CONCLUSION

This paper proposes a method for modeling the
CMC high frequency model in the frequency range from
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Fig. 12. Conducted interference noise waveform dia-
gram.

9 kHz to 200 MHz. The method only requires mea-
suring the CM and DM impedance data and extract-
ing the RLC value from the impedance data by using
the DE algorithm in separate frequency bands to com-
plete the CMC high frequency modeling. Then, based on
the built CMC high-frequency model, a high-frequency
model of the EMI filter is further established. This high-
frequency model does not need to be divided into CM
and DM channels when performing conduction interfer-
ence simulation. Finally, the EMI filter high frequency
equivalent model is used to build a simulation test model
of conducted interference noise, which verifies the sup-
pression capability of the CMC high-frequency equiva-
lent model for conducted interference noise and radiated
interference noise.

In addition, this modeling method adopts the fit-
ting method of sub-frequency bands, so the establish-
ment of high-frequency models can be completed on per-
sonal computers without professional workstations. The
use of the DE algorithm in extracting the RLC value in
the impedance data can complete the establishment of
the CMC high-frequency model in the frequency range
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9 kHz to 200 MHz while maintaining high accuracy. In
addition, because the high-frequency model of the EMI
filter in the frequency range 9 kHz to 200 MHz can be
obtained by using this modeling method, the model can

also

provide a reference for the radiation interference

suppression of the switching power supply.
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