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 Most automotive electronic components can cause electromagnetic interference, that can 

cause power electronic circuits to become unstable. As per electromagnetic compatibility 

(EMC) standards, these electronic circuits should meet the specifications which are not 

achieved under some conditions. In this paper, the conducted emissions (CEs) are generated 

due to the switching of a buck converter, which often occurs in automotive electronics. The 

noise source was found to be due to the presence of common mode currents which largely 

affects the performance of EMC. Two types of filtering techniques were analysed and 

designed, and the results were compared to find an effective filtering solution to mitigate the 

effects of CE due to a common mode noise for the frequency range from 150 kHz to 

108 MHz according to the International Special Committee on Radio Interference 

(CISPR25) standard. The capacitive and parasitic impedance were calculated and then used 

in the simulation. Finally, the simulated and measured results are presented. The noise level 

can be minimized by as much as 50 dB, which is an efficient noise reduction value.  
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1. Introduction 

In fields such as telecommunications [1] automotive 

[2, 3], and aeronautics [4] high power density and high 

efficiency are critical requirements in power converters. To 

reduce passive space and weight without increasing 

converter switching losses, current efforts are aimed at 

using higher switching frequencies and quick switches [5]. 

Alternatively, high switching frequencies can cause 

conducted and radiated emissions due to rapid changes in 

voltage and current [6]. 

In addition to this, silicon carbide [7], which is the 

emerging power electronic component, has also created 

severe electromagnetic compatibility (EMC) problems. 

Due to these components, the conducted emission (CE) due 

to common mode (CM) noise and differential mode (DM) 

noise is increased to a greater extent. This occurs mainly 

because of the high speed switching and new operating 

point at high frequencies of silicon carbide. Moreover, the 

power electronic components also generate the differential 

DM and CM currents which circulate via ground loops  

and generate serious electromagnetic interference (EMI) 

problems [8]. 

Variations in dv/dt which interact with parasitic 

elements of the routing, strongly influence the CM currents 

generated at power semiconductor components. Capacitive 

CM coupling allows higher frequency ranges than DM 

current for parasitic capacitances which vary significantly 

with frequency. As a result, CM currents are responsible 

for a significant amount of electromagnetic radiation. 

Hence, the CM current influence must be minimized. 

In general, strategies aiming at reducing CEs of 

converters are evaluated [9–12] at the converter input leads 

for different modes [13–15]. 

Yazdani et al. [16] proposed development of filtering 

approaches to mitigate the effects of reduced equivalent 

noise sources at converter input power leads. In a forward 

converter, the voltage difference between the output 

terminals is reduced due to inductor symmetrisation, 

although the underlying mechanism of this phenomenon  *Corresponding author at: gvaswini37@gmail.com 
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is not completely investigated. There have been several 

approaches to EMI mitigation for power converters, 

including transformerless active EMI filter (AEF) which is 

based on the virtual impedance enhancement concept [17], 

printed circuit board (PCB)-based planar CM EMI filtering 

for SiC inverters/rectifiers [18], pseudo-random modulation 

and soft switching for buck converters [19], and an 

improved radiated EMI model with the PCB ground imped-

ance active-clamp flyback (ACF) power converters [20]. 

From this, electromagnetic radiation is mainly caused by 

CM currents. It is necessary to solve the problem of CM 

currents circulating in a cable. This paper presents a novel 

topology to reduce the effect of EMI in power converters 

in this regard. The CE arises from switching buck converters, 

a common automotive electronic component.  

The high switching speed buck converter conducted 

and radiated EMI emissions caused by the CM current are 

expected to achieve this goal. Therefore, parasitic effects of 

different components are calculated. To reduce the EMI 

effect, two types of filtering topologies such as an input 

EMI filter and RF inductors are used. The performance of 

these filters is verified using simulation. Simulation 

program with integrated circuit emphasis (SPICE) is used 

to simulate both active and passive components in the time 

domain.  

The main contribution of the proposed work is 

described below: 

• To solve the EMI emissions problem caused by the CM 

current in high switching speed buck converter fed, an 

automotive application technique is proposed. 

• To decrease the EMI effect, a filtering topology, such 

as an input EMI filter and RF inductors, is proposed. 

• The parasitic effects of different elements are calculated 

and the same were used in the simulation.  

• The performance of these filters is verified using 

simulation. SPICE is used to simulate both active and 

passive components in the time domain.  

• Identification of EMC design, prediction of EMI 

created by power electronic circuit (PEC), and the 

optimization criteria for power converters based on 

their intended usage are presented. 

The rest of the paper is organised as below. Section 2 

describes the CE of the buck converter. Section 3 provides 

the proposed circuit modelling techniques. Section 4 

describes the measurement and setup validation for the 

proposed model. Section 5 defines the mitigation methods 

of CM EMI effects. Section 6 discusses the simulation 

results of the proposed method. Finally, section 7 provides 

the conclusion and future work. 

2. CE in buck converters. 

Conducted EMI is injected by the switching circuit of 

the buck converter, which propagates through conductors 

inside the entire network mainly through power lines. 

Though the switching speed is less than 1 MHz in a modern 

buck converter design, the rise and fall time vary from 

micro- to nano-second range which introduces EMI from a 

few kHz to hundreds of MHz. This study deals with the 

mitigation of EMI in buck converters by considering the  

same configuration used in an electric vehicle (EV) and 

hybrid vehicles. In addition to the lumped elements, 

parasitic capacitance and inductance effects on PCB are 

also considered. The automotive buck converters adhere to 

the standard CISPR25 [21–23].  

Usually, an expensive suppression filter is used to 

reduce the disturbance in the input side and there is no 

guarantee of EMI compliance. Hence, the noise in the input 

stage as line impedance stabilization network (LISN) is 

analysed and a model is developed to reduce it. 

Figure 1 shows the buck converter design considering 

capacitive and inductive parasitic impedance including the 

proposed model of LISN, cable, parasitic capacitance, para-

sitic impedance, and semiconductor component (P-channel 

MOSFET). In the below figure, the parasitic impedances 

ZpL1 to ZpL5 are represented for routing [24, 25]. In the 

Simscape library of MATLAB Simulink, the SPICE 

models of power electronic switches are not compliant to 

this simulation since they do not take EMC effects into 

account. 

The voltage signal of value Vdc is modulated by the 

voltage at the gate terminal of MOSFET, Vpulse. Vpulse is 

the square wave with period T and duty cycle τ/T which is 

equal to a switching frequency of 100 kHz and 30% duty 

cycle. When MOSFET is ON (Vpulse value at peak), the 

diode D1 is reverse biased. When the MOSFET is OFF, the 

diode is forward biased. Hence, by adjusting the duty cycle 

of MOSFET, the average value of Vdc can be controlled. 

Thus, the switching frequency and duty cycle play a vital 

role here. This also comprises the noise induced into the 

circuit.  

CE from the switching buck converter may be 

narrowband and broadband. Emission in the broadband is 

mainly due to the diode and other parasitic phenomena 

which is hard to analyse theoretically. This type of 

emissions can be minimized by adhering to proper design 

rules such as good layout, shielding, and grounding. By 

doing so, the product does not surpass the standard limit as 

per CISPR25. In this study, the effect of narrowband 

emission which is due to the switching of the buck 

converter is analysed. Unlike broadband, narrowband 

emission is large which may cause the product to fail during 

the EMC test. 

 

Fig. 1. Buck converter design considering capacitive and 

inductive parasitic impedance. 

 

   

   

MOSFETMOSFET       

    

   

LOAD

     

  

      

  
    

      

     

   

   

   

   

   

    

   

      

    

   

    

     

   

    

https://doi.org/10.24425/opelre.2023.147039


 G. V. Aswini, S. Chenthurpandian/Opto-Electronics Review 31 (2023) e147039 3 

 

3. Circuit modelling 

3.1. Calculation of parasitic effects  

3.1.1. Effects of parasitic capacitance 

The effects of parasitic capacitance depend on the 

layout of the power converter [26]. Since the geometrical 

structure of the converter is simple, analytical methods 

were used to calculate the parasitic capacitance [27, 28] 

and edge effects were also included in some formulas [29].  

The rise and fall timings of the signal are empirically 

calculated in this model, and the driver employs a 

trapezoidal signal. These timings have a direct impact on 

EMI effects because they alter the switching rates of 

semiconductor components. Beyond 3 MHz, the extracted 

waveform spectrum changes by 12 dBμV between 

measurement and simulation. Compared to the basic 

circuit, the proposed circuit layout replaces the control 

switch JFET [30] with a MOSFET to improve perfor-

mance. According to Fig. 2, four capacitances are present 

between track and ground, and four capacitors are present 

between tracks. For calculating the capacitance between the 

track and reference ground, a model is shown in Ref. 27. The 

capacitance (C) value is calculated using (1) and this value 

has been validated through the measurement which shows 

the best results due to edge-effect consideration.  

   
h

 
t

h
C = ε0εr [1.15 

W 
+ 2.8 ( )

0.222

] L, 
(1) 

where ɛ0ɛr is the dielectric constant (ɛ0 = 8.85419 ∙ 10−12 F/m 

and ɛr = 4.7) [17, 18, 28], W is the width of the track, L is 

the length of the track, h is the height between the track and 

ground, and t is the thickness of the track. 

To find the equivalent capacitance between track and 

ground, i.e., C01, the following (2) can be used: 

C01 = ε0εr [1.15
W

h
 + 2.8 (

t

h
)

0.222

] L  

+  [1.15
W ′

h
 + 2.8 (

t

h
)

0.222

] L′, 

(2) 

where W’ and L’ are the width and length of the ground 

plane. The dimensions used in (2) are W = 37.5 mm, 

L = 75.5 mm, W’ = 22.5 mm, L’ = 8 mm, and h = 1.57 mm. 

By applying the above dimensions to (2), one gets 

C01 = 95.56 pF. In this same way, other capacitances such 

as C02, C03, and C04 are calculated. 

Similarly, the coupling capacitance between tracks can 

be calculated using the equation used in Ref. 8 which gives 

Cmn = ε0εr 1.17 (
W

h
)

0.0836

∙  [ 
S

h  + 0.402]
−0.78

 

+ (
S

h
 + 1.32)

-0.8

∙ [−1.36(
W

h
)  
−0.037

+ 0.227 (
t

h
)

0.98

] . 

(3) 

Here S is the spacing between tracks.    

3.1.2. Effects of parasitic inductance 

By the values calculated from the formula using the low 

frequency method [31,  32], the inductive (self and mutual 

inductance) model can be simulated. A resistive model can 

also be determined from Ref. 32. RL network can be used 

to determine the parameters which occur because of skin 

effect [33]. The value of parasitic inductance calculated for 

the circuit in Fig. 2 is given below [34]: 

Lpara

μ
0

 = 3.71 (
h

W
)

0.041

+  0.018 (
h
W

)
−0.73

 − 3.39 (
h
t
)

−0.0006

 

+ exp (−1.89
S

h
) ∙ [0.75 (

h

W
)  

−0.00052

− 0.84 (
h

t
)

−0.026

] . 

(4) 

 

Lmutual

μ
0

 = −0.415 (
h

W
)  
−0.16

− 2.38 (
t

W
)

1.18

∙  (
S

h
 + 1.07)

−2.6

 

+  (
S

h
 + 0.89)

−2.03 

∙ [0.418 (
h

W
)

0.13

+ 1.37 (
t

W
)

1.09

] . 

(5) 

The value of parasitic mutual inductance is calculated 

for the circuit in Fig. 1 given above. 

The track parasitic resistance is given by the formula: 

Rpara = √ρ ∙ μ
0
 ∙ π  ∙f (

L

W
) . (6) 

The skin depth is considered in the above equation which 

is dependent on frequency.  

 
(a) 

 

 
(b) 

Fig. 2. Circuit layout: (a) parasitic capacitance between tracks 

and reference ground, (b) parasitic capacitance between 

tracks. 
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3.1.3. Modelling of unshielded energy cables 

The model of the unshielded cable in low frequency 

(600 kHz) is used as shown in Ref. 35. The RL ladder 

network modelled considering the skin and proximity 

effects of a basic cell is shown in Fig. 3. Analytical 

calculations are used to compute the electrical parameters 

per unit length in low frequency (600 kHz) cable 

modelling. In this work, 200 mm cable (for the voltage 

method) and 2000 mm cable (for the current probe method) 

are considered and simulated using 32 cells.  

4. Measurement setup and validation 

The experimental setup of conducting the CE test 

(Current probe method) as per CISPR25 standard is shown 

in Fig. 4. It consists of a device under test DUT (DC-DC 

converter) which is placed on low permittivity support 

(ɛr ≤ 1.4) situated 50 mm above the ground plane. The 

wiring harness which connects LISN and DUT is 200 mm 

long, it is also placed above low permittivity support 

(ɛr ≤ 1.4) situated 50 mm above the ground plane. As per 

the CISPR25 standard, the CE test is of two types. They are 

the current probe and voltage method. 

To start with the experiment, the current probe is fixed 

on the complete wiring harness at a distance of 50 mm near 

the DUT.  

The purpose of using the current probe first is discussed 

in section 5. Thus, the input EMI filter is calculated by 

using the cut-off frequency (measured using the current 

probe method).  

The next step is to measure the noise voltage using the 

voltage method. The experimental setup of CE using the 

voltage method is shown in Fig. 5. The only difference in 

the voltage method is that the noise voltage is measured 

across 25 Ω of the LISN (for CM noise). The resulting 

frequency spectrum is measured using a spectrum analyser 

which displays the noise voltage in dBµV.  

LISN is connected to the 48 V DC battery and the DUT 

(DC-DC Converter). The DUT is connected to the load box 

which replicates real-time scenarios. The EMI receiver is 

connected to the LISN which is used to measure the noise 

voltage.  

5. Methods to mitigate CM EMI effects. 

In this section, two approaches are used to mitigate CM 

EMI effects. The first approach is using EMI filters [16] to 

mitigate the noise generated by the power converters such 

as CM noise. For the filter design, the first step is to 

distinguish the modes of CE. As shown in Fig. 6, CM 

current (ICM) is measured using a current probe at the 

positive and negative terminals of LISN. To focus on CM, 

the proposed filter is designed that considers the CM noise. 

In this work, one coupled CM inductor (LCM) and two  

Cy capacitors are connected to the ground. In the CM case, 

the Cy capacitor is used to reduce the leakage current to  

the ground. Once the filter values are calculated, they are 

simulated using SPICE, and the fast Fourier transform 

(FFT) of the output is obtained. According to EMC 

 

Fig 3. RL ladder network used to model skin and proximity 

effect of the basic cell. 

 

 

 

Fig. 4. CE measurement setup as per CISPR25 (current probe). 

 

 
(a) 

 

 

(b) 

Fig. 5. (a) CE measurement setup (voltage method); (b) DUT 

 

Fig. 6. Current probe used for CM and DM measurement. 
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standards, the measurement is done using LISN. A spectrum 

analyser is used to measure CM noise in a frequency band 

from 150 kHz to 108 MHz as per CISPR25. 

The second approach uses an RF inductor which is 

connected to the ground so that the effect of CM noise is 

reduced. The purpose of using an RF inductor is that it stops 

the ICM from returning through the ground loops. By doing 

so, the magnetic fields radiated by those ground loops are 

reduced. Filter characteristics are shown in Fig. 7. 

5.1. Calculation of parasitic effects  

Figure 8 shows the equivalent circuit of LISN and CM 

filter. The voltage at the resistor of LISN is calculated from 

the current probe measurement for CM noise. This 

measurement is done without the EMI filter. The voltage is 

calculated from a current probe by using the expression 

VCM = 25Ω · ICM.  

In this case, the Cy value is selected to be 47 µF for 

limiting the leakage current to the ground. Hence, from the 

value Cy and cut-off frequency (obtained from the plot), the 

value of LCM can be calculated using the equation 

LCM =  (
1

2π f
CM

)  

2

∙ 
1

2Cy
. (7) 

The summarised values of CM filters such as LCM is 0.1 nH, 

and Cy is 47 µF. 

By minimizing parasitic inductances and capacitance, 

an optimal layout design reduces EMI interference. 

5.2. RF inductor  

A small RF inductor is connected between the converter 

chassis ground and the Earth’s reference ground as shown 

in Fig. 9. By doing so, the conducted EMI effects due to 

switching noise get reduced. 

The inductor used in this work is VLS5045EX-221M-

H whose equivalent circuit and its characteristic values are 

shown in Fig. 10. In the circuit, an unshielded cable is used 

so that CM currents return by ground reference plane only. 

Therefore, all CM current loops can be filtered.  

6. Comparison of simulated and measured results 

A comparison of measured and simulated CE data 

without EMI filter, with EMI filter, and with RF inductor 

shows promising results as the difference between the 

results is less than 15 dBµV, mainly in the lower frequency 

range. The lower frequency mainly relates to the noise 

voltage exceeding the CISPR25 limit, particularly in the 

range from 150 kHz to 2 MHz. After 2 MHz, the noise 

voltage is very low when compared to CISPR25 limits. 

Figure 11 shows the CE exceeding the limit of EMC 

standard mainly in the low frequency range, i.e., 150 kHz 

to 1 MHz which is indicated by the red line. From Fig. 11, 

if a line at 40 dB/dec is tangent to the curve and when it 

cuts the frequency axis, that point gives the cut-off 

frequency. From Fig. 11, the cut-off frequency that was 

calculated was fCM = 1.5 MHz. Hence, the value of 

LCM = 0.1 nH was deduced. The spectrum shown in Fig. 12 

signifies the CE noise measured using an EMI receiver at 

LISN with an EMI filter used in DUT. Similarly, Figure 13 

 

Fig. 7. Filter characteristics. 
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Fig. 8. Equivalent circuit of LISN and CM filter. 

 

 

Fig. 9. Schematic representation showing RF inductor used to 

reduce CM noise. 
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Fig. 10. (a) Equivalent circuit of the inductor, and   

(b) characteristic values of inductor used in this model. 
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signifies the CE noise measured using an EMI receiver at 

LISN with an RF inductor used in DUT.  

From Figs. 9, 12, and 13, it is evident that the efficiency 

of the RF inductor is very good as the level of the noise 

made by the DC-DC converter to the battery is lower than 

the CISPR25 limit. Also, to know the attenuation of the CM 

filter, the current (ICM) was calculated. From the current, 

the CM voltage (VCM) (VCM = 25Ω ICM) can be calculated 

which is shown in Fig. 11. 

  

    

 

   

  

 

 

 

 

  From Figs. 12 and 13,  the  CE  noise  is  more  in  the 
frequency  range from 0.15 MHz  to  2 MHz.  After  2 MHz 
frequency,  the  noise  voltage  gradually  reduces  and  goes 
down. The goal of this work is to reduce the noise in the 
low frequency range. Hence, the EMI filter is designed to 
stop the noise at that particular frequency. This is achieved 
and the results can be seen in Figs. 12 and 13.

  Table 1 shows the comparison of CM noise measured 
with  EMI  filter  and  RF  inductor.  From Table 1,  the 
frequency  range of 0.2  and  0.53 MHz  is  seriously  taken 
into  account  because  the  limit  set  by  CISPR25  has  been

exceeded in this frequency range.

Table 1.

Comparison of the common mode noise without filter,
 with EMI filter and RF inductor 

 Frequency (MHz) 

 0.2 0.53 5.9 76 

Noise voltage measured without filter 

(dBµV) 
74 58 18 −12 

Noise voltage measured with EMI 

filter (dBµV) 
31 18 −29 −54 

Improved effect using EMI filter 

(dBµV) 
43 40 47 42 

Noise voltage measured with RF 

inductor (dBµV) 
24 10 −36 −62 

Improved effect using RF inductor 

(dBµV) 
50 48 54 50 

 

Due to the RF inductors, the ground loops are unable to 

return CM currents, so they radiate fewer magnetic fields. 

However, the noise voltage from 5.9 and 76 MHz lies 

below the limits of CISPR25. Comparing the CM noise 

voltage measured with and without filter shows an 

improved effect of 43 dBµV in 0.2 MHz frequency and 

40 dBµV in 0.53 MHz frequency. This gives a promising 

result when compared with Refs. 1 and 2, as they show only 

32 dBµV and 35 dBµV improvement after using a filter. 

7. Conclusions    

In this paper, a designed model of CM noise 

suppression EMI filter and RF inductor is presented. The 

entire model of CE from the DC-DC buck converter has 

been simulated using SPICE software. The SPICE model 

of LISN is modelled and connected between the power 

supply and DUT. The simulation was done using the input 

EMI filter and RF inductors methods and the results were 

analysed. Finally, the measurement of CM noise was 

carried out in the anechoic chamber as per CISPR25. 

Moreover, the DC-DC converter did not produce as much 

noise as the CISPR25 limits due to the high efficiency of 

the RF inductor. The model validation was done by 

comparing the simulation results of CM noise voltage with 

that measured ones. This validation gives proof that the 

simulation model used is accurate to find the CM noise 

spectrum. From the simulation results, the EMI filter is 

designed to stop the noise at that particular frequency. 

Hence, these simulation models can be used at the 

development stage to predict the noise level and rectify it.  

 

Fig. 11. CM noise at LISN terminal without filter. 

 

Fig. 12. Measured and simulated CM noise at LISN with EMI 

filter. 

 

Fig. 13. Measured and simulated CM noise at LISN with RF 

inductor. 
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