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Optimal automated design of EMI filter for mitiating conducted
electromagnetic disturbance in photovoltaic DC-DC converters

Optymalny zautomatyzowany projekt filtra EMI w celu fagodzenia przewodzonych zaktdcen
elektromagnetycznych w fotowoltaicznych przetwornikach DC-DC

Abstract. This paper focuses on optimizing the electromagnetic interference (EMI) filter design of DC-DC boost converters for photovoltaic (PV)
systems. A comprehensive computer-aided procedure is presented, which integrates the parasitic elements of the EMI filter, to achieve precise
automated design with volume reduction. This procedure is guided by strict rules and precise measurements, relying on comprehensive databases
sourced from commercial data sheets related to passive components. It also takes into account the parasitic capacitance of boost converters.
Experimental validations of the proposed algorithm are presented, using the EN 55022 Class B standard as a reference to rigorously assess the
performance of the proposed filter circuit for mitigating conducted electromagnetic disturbances in DC-DC converter.

Streszczenie. Niniejszy artykut koncentruje sie na optymalizacji projektu filtra zaktocen elektromagnetycznych (EMI) przetwornic podwyzszajgcych
napiecie DC-DC dla systemoéw fotowoltaicznych (PV). Przedstawiono kompleksowg procedure wspomagang komputerowo, ktéra integruje elementy
pasozytnicze filtra EMI, aby osiggnac precyzyjny zautomatyzowany projekt ze zmniejszeniem objetosci. Ta procedura jest prowadzona wedfug
Scistych zasad i precyzyjnych pomiaréw, opierajgc sie na kompleksowych bazach danych pochodzgcych z komercyjnych arkuszy danych
dotyczgcych elementéw pasywnych. Bierze réwniez pod uwage pojemno$é pasozytniczg przetwornic podwyzszajgcych napiecie. Przedstawiono
eksperymentalne walidacje proponowanego algorytmu, wykorzystujgc norme EN 55022 klasy B jako odniesienie do rygorystycznej oceny

wydajnos$ci proponowanego obwodu filtra w celu tagodzenia przewodzonych zaktécen elektromagnetycznych w przetwornicy DC-DC.
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Introduction

In recent years, the global demand for renewable
energy has surged significantly due to rapid population
growth and the accelerated pace of industrial development.
Photovoltaic (PV) energy stands out as one of the most
crucial green energy sources, because of its sustained
sustainability and wide availability in the natural world. The
photovoltaic system necessitates seamless integration
between electronic devices and control techniques to
achieve maximum power transfer during the energy
conversion process, ensuring highly efficient output [1]. A
crucial component of a photovoltaic system connected to a
DC network is a converter, which adjusts the voltage and/or
current level for the load or end user. This converter
increases adjusts the electrical voltage to the necessary
level for operating the equipment or device [2, 3].

During operation of the DC-DC converter, rapid
variations in voltage (dv/dt) and current (di/dt) can lead to
the generation of electromagnetic interference (EMI)[4-6].
EMI encompasses both conducted and radiated
interference, which are emitted from the "source" equipment
into the surrounding environment. This interference
adversely affects the normal operation of other equipment,
referred to as ‘“victim" devices, within the same
environment. The generated noise propagates in two
distinct modes: common mode (CM) and differential mode
(DM) [7, 8]. Therefore, proposing EMI attenuation solutions
into practice is crucial to guaranteeing the system's overall
electromagnetic compatibility (EMC) and dependability,
including the power electronic converter [2,8]. In this
context, numerous solutions have been proposed in the
literature for noise mitigation. The first solution often
employed is the use of passive EMI filters[9,10]. These
filters significantly reduce noise; however, their size and the
presence of parasitic elements limit their effectiveness in
applications with strict volume constraints and their
efficiency across the entire attenuation range [11,12]. To
minimize the impact of parasitic elements in passive EMI
filters, several research papers propose methods to reduce
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the propagation paths. Among these strategies is
determining the optimal position of the elements [12,13],
aiming to reduce the magnetic coupling between filter
components and achieve maximum attenuation. Enhancing
flux distribution over the core cross-section at high
frequencies may also be achieved by changing the material
of the choke coils on the loop cores, thereby improving the
overall performance of the EMI filter [14].Alternatively, an
equivalent circuit model can be adopted for the EMI filter,
which includes the self-parasitics of each individual
component. In this model, the inductor is represented by an
equivalent parallel resistance (EPR) and an equivalent
parallel capacitance (EPC), while the capacitor is
characterized by an equivalent series resistance (ESR) and
an equivalent series inductance (ESL)[15,16]. This method
depends on measurement and repetition to ensure the
elements achieve the best attenuation. Accordingly, some
references have suggested automated design methods
based on high-frequency models to improve the filter's
performance and reduce its size [11] [16-18].

This article addresses EMI generated by DC-DC boost
converters used in photovoltaic systems. Photovoltaic
systems are intended to use this converter. Therefore, only
a passive EMI filter, comprising passive components, is
used to provide filtering for the proposed DC-DC converter
[2]. Emissions in CM and DM can be measured and
separated using a Line Impedance Stabilization Network
(LISN) and a noise separator [19].Numerous studies have
been conducted on noise suppression in PV systems [20-
22]. Studies [22,23] in EMI modeling have made significant
progress. Still, not enough research has been done on the
system's high-frequency modeling. Furthermore, there are
still a number of difficulties in the design of conventional
EMI filters. These include the need to optimize their size,
account for parasitic elements, and undergo repeated
testing procedures.

This paper aims to develop an automated optimization
tool for designing EMI filters in DC-DC boost converters
used in PV systems. The process entails evaluating the
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parasitic capacitance of boost converters and choosing filter
characteristics for passive components from commercial
data sheets. Additionally, it considers optimizing the EMI
filter volume. The test setup allows for experimental
evaluation of the automated design process by comparing
the noise levels against the EN55022 Class B standard.

The equipment under test is a DC-DC bhoost converter
used on the DC side of the PV system and Conducted EMI
transmission, as shown in Figure 1, with its characteristics
detailed in Table 1 . Consequently, it is crucial to follow
solar system rules, particularly the EN55022 Class B
standard, which specifies electromagnetic interference
measurement settings and limit values for equipment
emissions and susceptibility.
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Fig.1. Conducted EMI transmission in DC-DC converter with
elevated high-frequency parasitic parameters

Table 1. The parameters of DC-DC converter with parasitic
arameters

Parameter Value

Switching frequency F 10 kHz

Duty cycle D 0.7

Input voltage Vinput 12V

Load R 10Q

Bobbin L 20mH

Parasitic capacitors of converter Cyg and 145.08pF and

Ce 204.88pF

Parasitic inductances of converter Ly and L, | 71.49nH and
75.78nH

Equivalent circuit model DC inner and 158.31nH, 200m Q

outside capacitors ESLg,ESR4c and Cqc and 100uF

The proposed optimized design of EMI filter

The proposed design process implements a rule-based
algorithm, taking into account the specific requirements of
the filter application. This includes the noise circuits,
relevant constraints, parasitic elements in the filter design,
and databases of commercially available components for
configuring EMI filters. The flowchart of the design method
is illustrated in Fig. 2.

First, the designer must compile the input data which
depends on the measurement.

Three comprehensive databases cataloging available
market devices have been developed. The first database
focuses on magnetic cores and includes essential
information. Additionally, a second database of film
capacitors has been created.

Finally, a third database focusing on wiring was created,
the winding angle (Owinding) resulting from the winding
process. We assume that the winding angle is 145° and the
diameter of the copper conductor (Dwire) is 1.5 mm.
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Available Databases
Core Database
- Ferrite Toroidal
- Geometric dimensions (Doutiint Heore)
- Inductance factor AL
Capacitors Databases
- Metallized polyster film capacitors
- Parasitic elements (ESR, ESL)
Conducting wires Databases
- Angle that winding , wire diameter

Input Data

- EN 55022 Class B Standard
- EMI_cM and EMI_bM sources
- Z_source M and Z_source DM

- EMI filter topology

- Standard for Cy and Cx

- kvot and Kaccuracy

Computation of required EMI filter
parameters

Inductors expression:

Modify parameters
Y=[ Nemom ,Dout , Din and
Hcore, Comom]

electrical constraint
check?

Yes
EMI prediction with filters

Fig. 2.The flowchart for the proposed EMI filter design

Computation of required EMI filter parameters

In the initial step, the algorithm pinpoints critical points
between the peaks in the EMI spectra that correspond to
the frequencies of the CM/DM components targeted for
attenuation (fcm_ath and fom at_n). Subsequently, it
calculates the necessary attenuations for CM and DM noise
[9,11], as defined by the following equations:

(1) Attrey cm/pm =EMIy cv/pm —EMlggang + Marg

where: EMI n cm and EMI h om — amplitudes CM/DM of
frequency spectrum components targeted for attenuation,
EMI stand — maximum amplitude, Marg — safety margin.

The cutoff frequency (fo_cwom) is determined,
considering that the attenuation of the filter commences at
this frequency and escalates with Att innr_cmiom_, Which
represents the filter's inherent attenuation closely tied to its
topology [8]. Consequently, the corner frequency can be
evaluated as follows:

fCM/DM_att_h]

@ Attreq cm /DM = Attinhr_cM /DM IOQ( f
0_CM/DM

thus obtainng:
1

®) Lreg_cm/DM =
- Ccm /oM (2”- fO_CM/DM)2

Expressions and Design Considerations for Inductors

The initial step involves selecting a toroidal core from
the database and determining the wire diameter (Duire)
based on the peak operating current specified by the
designer, as well as the winding angle (Owinding) [17].
Subsequently, the maximum number of achievable turns
(Nmax) is calculated using the following formula:
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6 winding

Fig. 3. Geometric parameters of the toroidal core.

After calculating the number of turns Ncwom needed the
computed inductance value is a function of the geometric
parameters of the toroidal core is illustrated in Fig. 3 [3,11],
as described by the following equation:

2
4 L _| Ncm/pm 404 || Dout — Din
CM /DM = = D .+D:
out in

where: o and ur— vacuum and relative core permeability
respectively.

Additionally, the capacitance between the windings
(EPC) of the inductor is a key factor that primarily induces
resonances at high frequencies (fr_L_cwowm), as calculated in
Equation (5).

1

277y/Lem 1om -EPCem /b

®) fr L cm/om =

Accurately estimating this capacitance is crucial [12,24].
The calculation is performed using the following formula:

0 0
6) EPC —1.366.£07. Ly | ——27 4 cotf Z]-1
( ) CM /DM 0 tum(ln[Dout/Din] [2} J

Where:

0= arccos(l— In(Dou /O )J
&r

er — permittivity of the dielectric, co —vacuum permittivity
and Lwrn — length of a turn.

For toroidal inductors, the volume (VolLcmom ) is
determined by the following equation:

(7) Vol.cm/pm = ((Dout/2)+ Duiire )2-(H core T 2-Dwire)

EMI prediction with filter

The LTSpice tool is utilized to predict the emissions
generated by the proposed converter, as shown in Fig. 4.
To ensure that the simulation results closely align with the
experimental outcomes, parasitic elements of both the CM
and DM EMI filter and the converter are included in the
model [15,21]. Additionally, a LISN model is inserted
between the converter and the power source. This setup
prevents EMI from passing between them, stabilizes the
power supply impedance, and measures the conducted
emissions of the DC-DC boost converter [19]. For the
design process to work, a link must be made between
MATLAB and LTSpice to automatically adjust optimization
parameters and initiate simulations.
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Fig. 4. DC-DC Converter simulation circuit in LTSpice.

Optimization algorithms

The filter design process involves considering multiple
constraints [18], including the EMC constraint in Equation
(8) and the electrical constraint in Equation (9).

(8) EMI fiiter _cm /DM (Y ) FreQ)S EMIstan ¢ (Freq)

where: EMlsiter ciom — interference CM and DM with the
optimization parameters (Y) for each processed frequency

(Freq).
(9 Ncm/pm < Npax/2

The objective function to be minimized combines
volume (Volier) and EMI standard deviation (SD) with the
filter, as detailed in Equation (10). MATLAB's "fgoalattain”
is used as a nonlinear programming solver to find the
minimum of this objective function. After several iterations,
the optimization algorithm converges to an optimal selection
of Y =|New/om Dot Dins Hoore :Cx.Cy ESR,ESL| related

to the filter components.

(10) Fobj =min (kv0| Vol filter T kaocuracy SD(Y , Freq))

where: kvl and Kkaccuracy — Coefficients specified for volume
and EMI filter accuracy.

n n
Vol filter = iglVOILCMUDMu + i;]-VOICCMI/DMI

2
ZiN:1|EM| fittercm / DM (Y . Freq) — EMI g g (Freq)i|

SD(Y,Freq):J

N

N — number of frequencies evaluated

Experimental results

Provide the design process has been rigorously
validated through experimental investigations conducted on
a specially designed test bench. Fig.5 illustrates the
photovoltaic DC-DC boost converter under examination,
along with the DC generator, load frequency generator
(LFG), oscilloscope, and LISN.
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In Figures 6 and 7, the input data used for the
automated design process are reported.
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Fig. 6. Noise source impedance predicted by the LTSPICE model
and measured on the (a) CM and (b) DM.

The results illustrated in Figure 6 clearly demonstrate
that the impedances Zscm and Zspwm exhibit capacitive
behavior within the frequency range of 10 kHz to
approximately 10 MHz. This behavior is predominantly
influenced by the parasitic capacitances between the
transformer PCB and the copper plane.

As shown in Figures 7(a) and 7(b), the conducted
emission levels of EMI CM and EMI DM without filter
exceed the EN55022 Class B thresholds—55 dBuV for the
0.5 MHz to 5 MHz range and 40 dBpV for the 5 MHz to 30
MHz range—across most of the frequency spectrum. To
comply with EMC standards, the designed EMI filter must
provide greater attenuation than these thresholds.
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Fig. 7. Measured EMI noise without/with EMI fitler compared with
the EN 55022 Class B standard.(a) CM EMI fitler, (b) DM EMI fitler.

The results obtained from the optimization design,
including the filter element values, calculated parasitic
elements, and volume, are presented in Tables 2 and 3.

Table 2. Output data for CM inductor and DM inductor

Characterstics CM inductor DM inductor
Inductance factor AL 100 nH 1000 nH
Inductance value L 25.6 pH 32.4 pH
Number of turns N 16 turns 18 turns
linductor core dimensions 34 x20x 125 58.3 x 40.8 x 40.2
Dout xDin xHcore mm xmm x mm mm Xxmm X mm
Volume 5.3cm3 21.49 cm3
Core materials Ferrite K1 toroid Ferrite K10 toroid
Model B64290L0048X001 B64290A0042X010
Equivalent parallel resistance EPR 1.85 kQ 11.5kQ
Equivalent parallel capacitance EPC | 2.476 pF 54.34 pF
Diameter of wire Dwire 1.5mm 1.5mm
Winding angle Owinding 145° 145°

Table 3. Output data for Cx and Cy
Characterstics Cxand Cy
Capacitor value C 2.2 yF
Dimensions w xh x| 7 %16 x 17.5 mm xmm

x mm

Volume 1.915 cm3
Materials Polyester film
Model MKT468
Equivalent series resistance ESR 16 mQ
Equivalent series inductance ESL 20.49 nH
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The total volume of the EMI filter is 34.45 cm?3, as
detailed in Tables 6 and 7. The DM filter occupies 25.32
cm?, which constitutes 73.5% of the total volume.

Figures 8 respectively present the impedance curve of
the optimized filter elements and the emission levels with
the filter.
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Fig. 8. The impedance curve of the (a) CM/DM capacitor, (b) CM
inductor and (c) DM inductor.
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As shown in Figure 8(a) and (b), the self-resonant
frequency of the CM capacitor is 0.7531 MHz, significantly
higher than 0.320 MHz. This allows the CM capacitor to
effectively attenuate CM noise. Additionally, the self-
resonant frequency of the CM inductor is approximately
22.05 MHz, ensuring it provides the necessary impedance
at other frequencies and maintains the performance of the
CM filter.

Figure 8(c) depicts the impedance response of the DM
inductor, with its self-resonant frequency at 1.269 MHz,
delivering sufficient impedance to satisfy the necessary
attenuation requirements.

In Figure 7(a) and (b), it is evident that the conductive
emission levels of the EMI CM and EMI DM with the filter
are sufficiently attenuated, staying well below the limits set
by the EN 55022 Class B standard. However, there are
exceptions at 250 kHz for CM and 4.5 MHz for DM, where
the levels exceed the limits by a margin of 5 dB. These
deviations are primarily attributed to modeling inaccuracies
in the filter and variations in the power cable impedance.
Despite these anomalies, the overall emission profile
demonstrates excellent conformity and performance.

In Table.4, we have compared the performances of our
work with others in literature. The numerical comparison in
term of standard deviation (SD) value of EMI illustrates the
efficiency of our work.

Table 4. A comparative study between the design of an EMI filter
and other works

Reference Design Methods [dBSu?/]CM [dBSu?/]DM
Ref [3] Optimizir_xg for reduced 42 44 /
electrical losses.
Design with
Ref [10] measurement to confirm 20.84 /
attenuation
Automated design
Ref [11] based on databases 25.13 26.39
constructed
Automatic design and
Ref [19] optimization for filter 27.23 /
volume.
Automated design
Ref [20] utilizing suitable 25.9 /
databases
Optimizing and
Ref [24] conducting stabilization 28 /
analysis
Automated design and
Our optimization that
Method integrates parasitic 19.1 22.52
elements.
Conclusion

The objective of this study is to provide high-
performance EMI filters with the least amount of space by
proposing an automated design approach especially
targeting adapters in DC-DC boost converters used in PV
systems. The procedure utilizes a carefully crafted rule-
based algorithm within the Matlab environment, which
seamlessly interfaces with the LT-Spice environment. It
leverages databases of magnetic cores, capacitors, and
conductive wires selected from commercially available
options to ensure application suitability. The design takes
into account inputs such as source impedances, noise
measurements specific to DC-DC boost converters, and
EMI standards that define the maximum allowable noise
levels. Experimental validation of the suggested process
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shows that it is a successful method for reducing conducted
emissions.
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