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Abstract: - Static converters have seen major advancements in efficiency and compactness, but remain a 
primary source of conducted and radiated electromagnetic disturbances, particularly during semiconductor 
switching events. These disturbances propagate through parasitic elements and must comply with 
electromagnetic compatibility (EMC) standards to ensure safe coexistence with other systems. This work 
presents a detailed experimental investigation of conducted electromagnetic interference (EMI) in a series 
chopper, with a focus on distinguishing and quantifying common-mode (CM) and differential-mode (DM) 
noise. Unlike studies that rely mainly on simulation or analytical modeling, this research emphasizes precise 
measurement techniques to capture both CM and DM emissions over the 150 kHz–30 MHz range, following 
EN55022 requirements. The effects of duty cycle and MOSFET switching characteristics on EMI levels are 
systematically examined. Results show that DM emissions dominate over CM across the measured spectrum, 
with certain configurations exceeding EN55022 Class A limits at low frequencies. The findings highlight the 
critical role of component selection and operating parameters in achieving EMC compliance, and provide 
practical insights for optimizing chopper design to mitigate conducted emissions. 
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1  Introduction 
In recent years, significant research has been devoted 
to understanding and improving the electromagnetic 
compatibility (EMC) performance of electrical 
machines [1], [2], [3], [4], power electronics [5], [6], 
[7], and energy conversion systems [8], [9], [10]. 
Among these, electric motors have been extensively 

studied, both for their role as critical loads and for their 
contribution to electromagnetic interference (EMI) 
issues [11], [12], [13]. Various works have examined 
EMI generation in motors, focusing on the 
characterization of common-mode (CM) [14], [15] and 
differential-mode (DM)  [16], [17], [18] disturbances, 
high-frequency modeling [19], [20], [21], and 
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mitigation strategies to ensure compliance with EMC 
standards [22], [23], [24], [25]. These investigations 
highlight that motor systems—especially when fed by 
variable-speed drives—can be significant sources of 
conducted and radiated disturbances, which may 
negatively affect surrounding equipment [26], [27]. 

The growing integration of renewable energy 
sources [28] has further increased the demand for 
high-efficiency [29], low-noise power conversion 
systems, [30], [31]. Hybrid photovoltaic systems and 
wind energy applications, in particular, require 
compact and efficient power electronics to interface 
with the grid while maintaining strict EMC 
compliance, [32], [33]. The challenge lies in ensuring 
that the power converters used in renewable energy 
installations operate reliably under varying load and 
environmental conditions without exceeding EMI 
limits, [34], [35]. Studies have shown that both 
conducted and radiated EMI in renewable energy 
converters must be carefully managed to prevent 
interference with sensitive communication and control 
systems, [36], [37]. 

Static converters—such as choppers [38], buck-
boost converters [39], and inverters—are now 
ubiquitous in motor control, renewable energy 
integration, and a wide range of industrial and 
consumer electronics applications, [40]. They provide 
improved energy efficiency, compact design, and 
precise control, but their high-speed switching of 
semiconductor devices inevitably leads to significant 
EMI generation, [41], [42], [43]. This has motivated a 
large body of research into modeling, prediction, and 
experimental measurement of conducted and radiated 
disturbances in such systems, [44], [45], [46]. In 
particular, the separation and analysis of CM and DM 
noise are essential steps in understanding the 
propagation mechanisms of EMI and in designing 
appropriate mitigation strategies, [47], [48]. 

The buck converter is a step-down DC–DC power 
conversion circuit designed to reduce a higher input 
voltage to a lower output voltage. It is among the most 
widely used converter topologies in modern power 
electronic systems [49], including switched-mode 
power supplies (SMPS) [50], [51], smartphones [52], 
laptops [53], and battery chargers [54]. These 
converters typically employ high-speed semiconductor 
switching devices, such as MOSFETs and IGBTs, 
which enable rapid voltage (𝑑𝑣/𝑑𝑡) and/or current 
(𝑑𝑖/𝑑𝑡) transitions, [55]. While such fast switching 
enhances efficiency and minimizes the converter’s 
size, it also introduces substantial EMI, [56]. 

Depending on the propagation mechanism, EMI 
can be categorized into conducted disturbances—
transmitted through electrical conduction—and 
radiated disturbances—propagated via electromagnetic 

fields in the surrounding medium [12], [15]. 
Conducted disturbances propagate in two distinct 
modes: DM and CM, [14], [15], [16], [17]. In DM, the 
converter produces a pulse-width modulated (PWM) 
voltage between system phases, with the current 
flowing through one phase and returning through 
another, [57]. In CM, the converter generates a voltage 
between each phase and ground, causing parasitic 
currents to flow in the same direction along the phases 
and return to the interference source via the system’s 
parasitic capacitances and common-mode impedances. 

The prediction and modeling of conducted EMI 
are typically performed using two main approaches. 
The time-domain approach employs circuit simulation 
tools such as Saber or SPICE to model the converter’s 
operation in the time domain, after which the noise 
spectrum is obtained through a Fast Fourier Transform 
(FFT), [58]. The frequency-domain approach models 
and estimates the spectral content of the interference 
directly in the frequency domain, using either 
analytical models or experimental measurements, [11]. 

Before detailing the proposed methodology and 
findings, it is important to review relevant works on 
EMI modeling, prediction, and mitigation for DC–DC 
converters. Table 1 (Appendix) summarizes the main 
contributions from the literature, including converter 
types, EMI prediction methods, and mitigation 
strategies. This table serves as a foundation for 
positioning the present study within the broader 
context of EMI research in static power converters. 

This paper focuses on the experimental 
characterization of CM and DM conducted EMI 
generated by a series chopper. While many previous 
studies have approached this topic through simulation 
or analytical modeling, the present work emphasizes 
direct measurement using an experimental setup in 
accordance with the EN55022 standard. The effects of 
key parameters—such as duty cycle and MOSFET 
switching characteristics—on EMI levels are 
systematically investigated. This analysis not only 
provides insight into the behavior of CM and DM 
noise but also evaluates the converter’s compliance 
with EMC limits, thereby guiding design optimization 
for improved electromagnetic compatibility.  

This paper addresses a gap in the literature by 
experimentally characterizing conducted EMI in a 
series chopper, with clear separation of CM and DM 
disturbances. Unlike prior studies relying on 
simulations or indirect models, this work uses precise 
EN55022-compliant measurements over 150 kHz–30 
MHz to assess the effects of duty cycle and MOSFET 
switching characteristics on emission magnitude and 
spectrum. The systematic CM–DM comparison 
identifies dominant propagation mechanisms and 
evaluates EMC compliance, providing practical 
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guidance for improving static converter performance 
in electromagnetically sensitive environments. 

 
 

2 Measurement Setup of EMI  
 

2.1 Realization of the Series Chopper Circuit 
This section outlines the complete procedure 
followed in this study, from the construction of the 
series chopper to the configuration of the EMC test 
bench used for acquiring the required experimental 
measurements. 

A chopper is a DC–DC power converter that 
transforms a fixed direct voltage or current into a 
variable direct voltage or current. The series 
chopper, in particular, is designed to regulate the 
output by controlling the duty cycle of the switching 
device. Its general configuration is illustrated in 
Figure 1, where the input DC source is connected in 
series with the switching element, filter components, 
and load. This arrangement enables step-up or step-
down control of the output while maintaining high 
efficiency, making it suitable for precise EMI 
characterization under controlled operating 
conditions. 

 

 
Fig. 1: General configuration of buck converter 
Source: [59], [60] 

 
The implemented series chopper circuit consists 

of a power diode (BYT12P600), a MOSFET switch 
(IRF840), a 1 kΩ resistive load, and two push-
buttons for adjusting the chopper duty cycle. The 
circuit is powered by a 20 V DC input supply and 
delivers a variable output voltage, where the average 
value is directly dependent on the duty cycle of 
operation. 

The converter is driven by a 5 V pulse-width 
modulation (PWM) signal generated by a 
PIC16F877A microcontroller. Since the MOSFET 
requires proper gate drive levels for reliable 
switching, a dedicated driver stage is employed to 
interface the PWM control signal with the power 
switch, [13]. 

The main components and layout of the realized 
series chopper are illustrated in Figure 2. 

 
1. PIC16F78A 2. Driver IR2110 3.Mosfet IRF840 
4. Push Buttons 5. Regulator 5V 6. Load terminal 
7. Regulateur12V 8. BYT12P600 9. Power supply input 
Fig. 2: Chopper circuit PCB 
Source: [61] 

 
The experimentally measured output voltage 

waveform of the implemented series chopper is 
shown in Figure 3. The waveform clearly 
demonstrates the expected PWM-controlled shape, 
where the average output voltage varies 
proportionally with the applied duty cycle. This 
confirms the proper operation of the chopper and 
validates the control strategy implemented through 
the PIC16F877A-based PWM generation. 

 
Fig. 3: Time-Domain Response of Series Chopper 
Output Voltage 
Source: created by the authors 

 
2.2 CM and DM Current Measurement 

 Configuration 
CM current flows through both conductors in the 
same direction with respect to a common reference, 
typically the ground, whereas DM current flows in 
opposite directions between two conductors, [30]. 

To accurately characterize the electromagnetic 
interference generated by the series chopper, 
specific measurement configurations must be 
adopted for each mode. Using a current probe, the 
CM and DM currents are measured by applying 
distinct setups tailored to their respective 
propagation characteristics. These configurations 
are illustrated in Figure 4. 
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Fig. 4: Series chopper current measurement of 
common mode and differential mode 
Source: [62], [63] 

 
Once the disturbance currents (IDM and ICM) are 

measured, it is simply carried out to derive the 
corresponding disturbance voltages for each mode 
from the following conversion equations: 

VDM = 100 × IDM  
VCM = 25 × ICM 

 

2.3 Experimental Measuring Bench 
The experimental bench, illustrated in Figure 5, was 
designed to measure the conducted emissions of the 
implemented series chopper in compliance with the 
EN550022 standard. Measurements were performed 
over the frequency range of 150 kHz to 30 MHz. 
 

   
 

 
 
 

 
 
 
Fig. 5: Diagram of the test set-up used for 
measuring conducted emissions 
Source: [64] 

 
A Line Impedance Stabilization Network 

(LISN) was inserted between the DC power supply 
and the device under test (DUT) to isolate the power 
supply network from the converter under 
investigation. This configuration ensures 
measurement accuracy, compliance with EMC 
testing requirements, and operator safety. 

The conducted EMI signals in the frequency 
domain were captured using a spectrum analyzer, 
while a current probe was employed to measure 
both CM and DM noise currents. 

The schematic of the experimental bench setup 
and its corresponding photograph are presented in 
Figure 5 and Figure 6, respectively. 

 

 
Fig. 6: Photograph of the measuring bench of the 
electromagnetic disturbances generated by the series 
chopper 
Source: created by the authors 

 
2.4 EN55022 Standards 
EN 55022 Class A standard for industrial cases 
gives definite limits for the Quasi-Peak (QP) and 
Average (AV) detection modes. The thresholds are 
shown in Figure 7 and are also explained in Table 2. 
This study, by giving priority only to Class A, 
guarantees that the EMI profile of the series chopper 
will be evaluated in the industrial power systems 
context, where emission limits are higher than those 
applying to residential or domestic areas. 
 

It specifies conducted disturbance limits within 
the radio frequency range of 150 kHz to 30 MHz, 
the limits are expressed on a logarithmic scale in 
decibels microvolts (dBµV), [14]. 

The conducted disturbance limits established by 
EN55022 class A are illustrated in Figure 7. 

 
 
 
 
 
 

 
 
 

 
Fig. 7: EN55022 class A, conducted emission 
Source: [13], [18] 

 
Table 2 summarizes the conducted EMI limits 

for each frequency range as specified by the 
EN55022 standard Class A [24]. 
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Table 2. EN55022 standard limits values  
 

EN55022 Class A 
CONDUCTED EMI LIMIT 

 
Frequency range 

(MHz) 
Quasi-Peak Average 

0.15 to 0.50 80 66 
0.5 to 10 73 60 
5 to 30 73 60 

Source: [13] 

 

2.5  Analytical modeling of EMI sources 
 

2.5.1  Differential Mode (DM) Noise Modeling 

The trapezoidal pulse train is the standard switching 
noise source. Although the physical switching 
waveforms generally present loss and gain times 
which are not equal (tr and tf), we still consider 
setting tr = tf for the sake of getting the analytical 
solution more easily. This assumption facilitates a 
strong frequency-domain parameterization that is 
still valid for EMI prediction since it does not lose 
the essential notification of the spectral envelope. 
The DM noise current at the n-th harmonic is 
mathematically represented in the frequency-domain 
as follows:  
 

sin( / )sin( )( ) 2
/
r

DM

r

n t Tn d
I n Id

n d n t T



 
   

Where: 
 d is the duty cycle (ton / T). 
 T is the inverter switching period. 
 I is the peak current amplitude. 
 tr is the rise time. 
 n is the harmonic order. 

 
2.5.2  Common Mode (CM) Noise Modeling 

The CM noise source is modeled in the same way as 
with an ideal trapezoidal pulse train. Assuming that 
the rise and fall times are equal (tr=tf), the 
frequency-domain model of the CM voltage source 
at the n-th harmonic is given by:  

sin( / )sin( / )( ) 2
/ /

r
CM dc

r

n t Tn T
V n V

T n T n t T

 

 
  

 

In this expression: 
 Vdc represents the DC bus voltage. 
  is the off-time of the switch. 
 d is the duty cycle of the bottom device. 
 n is the harmonic order 

 
 
 

3 Results and Discussions  
 

3.1 Measurement of Chopper Disturbances 

 Conducted in CM and DM 
The magnetic disturbances produced by the series 
chopper were analyzed through experiments in both 
common-mode (CM) and differential-mode (DM) 
propagation paths, with the EN55022-compliant 
measurement bench described in Section 2 being 
used. The purpose of this analysis is to recognize the 
prevailing disturbance mechanism and to provide a 
physical explanation for the recorded noise. In order 
to separate CM and DM components, the voltages 
measured at the LISN terminals were decomposed 
based on the classical EMC theory: 

2
L N

DM

V V
V


 ,      

2
L N

CM

V V
V


  

 
where LV and NV represent the voltages on the line 
and neutral conductors measured to ground. The 
distinction is critical because common-mode or CM 
disturbances are mostly linked to unwanted 
capacitive coupling into the ground while 
differential-mode or DM disturbances result from 
the current ripple that is circulating through the 
power loop. The time-domain and frequency-
domain representations of CM and DM noise 
currents as experimentally measured are illustrated 
in Figure 8 and Figure 9. The difference between the 
two modes of propagation is clearly noticeable. 
Even during the entire range of frequency from 150 
kHz to 30 MHz, the DM disturbance's magnitude 
was much greater than that of CM component. The 
difference in the two types of disturbances can be 
attributed to the physical layout of the series 
chopper. The high current transients with their fast 
rising and falling edges or di/dt associated with the 
switch-over mainly excite the loop comprised of the 
MOSFET, diode, and load. 

  
Fig. 8: Measured CM and DM Currents 
Source: created by the authors 
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Fig. 9: Measured Spectra of CM and DM Noises 
Source: created by the authors 

 
3.2 Effect of Duty Cycle on Chopper EMC 

 Performance   
In static converters, EMI is primarily induced by the 
rapid switching transitions of power transistors. 
While the switching process is governed by a well-
defined duty cycle to ensure proper converter 
operation, the influence of this parameter on EMC 
performance is often overlooked. This section 
specifically addresses that aspect. 
 The impact of duty cycle variation on DM and 
CM disturbances was investigated by measuring 
their amplitudes at both a high duty cycle and a 
significantly lower one. The CM noise spectrum 
presented in Figure 10 illustrates the influence of the 
duty cycle on the CM noise level generated by the 
chopper. 
 Experimental results reveal that the CM noise 
level produced by the chopper at 𝛼 = 15% is slightly 
higher than that obtained at 𝛼 = 85%. This suggests 
that lower duty cycles may lead to marginally 
greater CM emissions, potentially due to differences 
in switching edge characteristics and spectral 
distribution of the generated noise. 
 

 
Fig. 10: CM current specter with α=15%, α =85% 
Source: created by the authors. 

 The spectra of noise in differential-mode (DM) 
depicted in Figure 11 reveals an obvious 
relationship between the duty cycle of the series 
chopper and the conducted EMI. From 150 kHz to 
30 MHz frequency range, the DM noise level at a 
low duty cycle (α = 15%) is more than at a high 
duty cycle (α = 85%) and this is attributed to the 
increase in current ripple and di/dt at lower duty 
cycles. The 25–30 MHz band is where this effect is 
most noticeable as the FET (Fast semiconductor 
switch) operates with its currents switching very 
fast, and the loop inductance (which is a power loop 
parasitic inductance) couples with the current 
transitions in such a way that they get amplified to 
high-frequency emissions. For example, at 27 MHz, 
the measured DM emission is around 30 dBµV at α 
= 15% while it is approximately 20 dBµV at α = 
85%. The data obtained imply that the reduction in 
duty cycle admits the differential-mode noise to be 
more intensified, especially in the case of high 
frequencies that are passed through by the strong 
excitation of parasitic elements in the power loop. 
 

 
Fig. 11: DM Noise Spectrum Compared with 
EN55022 Class A Limit 
Source: created by the authors. 

 
3.3   Influence of MOSFET Characteristics 

 on Chopper Conducted Disturbances 
After examining the influence of propagation mode 
and duty cycle on the conducted disturbances 
generated by the chopper, the analysis now focuses 
on the role of the MOSFET characteristics. The 
MOSFET is one of the most commonly employed 
switching devices in static converters, and its 
electrical and switching properties can significantly 
affect EMI performance. 

To assess this influence, conducted disturbance 
measurements were performed on the series chopper 
using two MOSFET models with different 
characteristics. Table 3 summarizes the key 
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parameters of the IRF840 and IRF540N devices, 
with particular emphasis on those relevant to EMC 
considerations. 
 
Table 3. EMC parameters of IRF840 and IRF540N  

Parameters IRF840 IRF540N 
Rise time (tr) 23 ns 40 ns 
Fall time (tf) 36 ns 35 ns 

Total gate charge 
(Gg) 63 nC 71 nC 

Max Drain-Source 
Voltage (Vds) 500V 100V 

On-State 
Resistance 
R_DS(on) 

0.85 Ω 0.044 Ω 

Source: [38], [56] 

 
Figure 12 and Figure 13 present a comparison 

of the CM and DM noise spectra produced by the 
chopper when using the MOSFETs IRF840 and 
IRF540N, respectively. The results show that the 
CM conducted disturbances are very similar for 
both MOSFETs. In contrast, for DM, the converter 
equipped with the IRF840 generates significantly 
higher noise levels than the one using the IRF540N. 
The distinct EMC characteristics of the different 
devices shown in Table 3 can explain this difference 
in EMC behavior. In this case, the main factors are 
the switching speed and the voltage slew rate. The 
IRF840 has a faster rise time of 23 ns and thus a 
higher voltage switching rate of approximately 

r

dv V

dt t


   

 
The increase in voltage rate goes hand in hand 

with the increase in currents caused by the 
movement of charges through the parasitic 
capacitances of the switching node to ground. The 

relationship is described by: .CM p

dv
i C

dt
  where 

PC  is the parasitic capacitance. The currents of 
these displacements pass through the LISN and 
become a part of the measured conducted EMI, 
especially at high frequencies. Also, quicker voltage 
transitions are responsible for wider spectral 
content. In the case of the trapezoidal switching 
waveform, the high-frequency harmonic noise 
grows as the rise time decreases, thus the higher 
noise levels with the IRF840 is a result of the trap. 
Besides, the gate charge of IRF840 has been a 
critical factor for it to get the voltage faster, which 
has been one of the main reasons for the current 
effect to get more pronounced. On the other hand, 
the IRF540N, which has a longer rise time and 
higher gate charge, exhibits less high-frequency 

spectral content compared to the other device under 
the same conditions and thus produces lower total 
conducted EMI. 

 
Fig. 12: Measured CM Spectra of IRF840 and 
IRF540N 
Source: created by the authors 

 

 
Fig. 13: Measured DM Spectra of IRF840 and 
IRF540N 
Source: created by the authors 

 
3.4 EMC Compliance of the Chopper with 

 Standard EN550022 
In modern practice, the design of any electrical 
machine, device, or component must comply with 
relevant standardization processes before it can be 
commercialized. 
 Figure 14 presents the measured CM noise 
spectrum of the chopper, compared against the 
conducted emission limits defined by the EN55022 
standard. The results show that the disturbance 
curve remains consistently below the prescribed 
limit across the entire analyzed frequency range. 
This indicates that the converter fully satisfies the 
EN55022 Class A requirements for conducted 
emissions. 
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 Consequently, no risk of non-conformity is 
observed within the evaluated frequency band for 
CM noise. 

 
Fig. 14: CM Noise Spectrum Compared with 
EN55022 Class A Limit 
Source: created by the authors 

 
 In the differential mode (DM) noise spectrum 
of the chopper circuit, the Figure 15 shows the data 
obtained by the measurement compared with the 
conducted emission limits set by the EN55022 Class 
A standard. It can be seen from the results of the 
experiment that the noise levels are not allowed to 
go beyond the limits at the lower end of the 
frequency range and the fundamental switching 
frequency (approximately 150 kHz) of the 
trapezoidal current source described in section 3.1 is 
the major contributor of noise at this point. The 
noise levels drop off and are in line with the 
standard through the mid-to-high frequency range. 
The infringement at 150 kHz indicates that although 
the current design has suppressed high-frequency 
parasitic ringing effectively, the low-frequency 
noise—determined by peak current (I) and duty 
cycle(d)still needs reduction. 
 

 
Fig. 15: DM Noise Spectrum Compared with 
EN55022 Class A Limit 
Source: created by the authors 

4  Conclusion 
The study presented in this paper shows that static 
converters are a major path for conducted 
disturbances. The design of this type of converter 
must therefore take EMC constraints into account, 
especially for the differential mode, where the 
conducted disturbances generated by the series 
chopper are much greater than those of the common 
mode, and may even exceed the limit authorized by 
standard EN55022. The EMC analysis must enable 
the parameterization and dimensioning of several 
elements such as the duty cycle, the correct choice 
of transistor and its control parameters. Solutions 
such as the integration of EMC filters can also be 
envisaged to remedy these EMC problems. 

In short, careful design is needed to ensure 
electromagnetic compatibility for the chopper in 
particular and for any static converter, and thus 
reduce electromagnetic interference. 
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APPENDIX 

 
Table 1. Literature review for EMI DC-DC converters 

Reference Converter 

type 

Realization 

of converter 

EMI predicted 

type 

Method of 

prediction 

Mitigation 

method 

Parameters 

investigated 

[4] Chopper  
serie 

  Radiated Direct experimental 
measurement 

Optimizing 
PCB layout 

Switch  

[7] Chopper 
serie 

x Conducted Indirect x α, tm, f, td 

[12] Flyback 
converter 

x Radiated Direct experimental 
measurement 

NA CM choke 
impedance 

[32] Boost 
converter 

x Conducted Experimental 
measurement 

Filter x 

[38] Chopper  
serie 

x Conducted Indirect experimental 
measurement 

x NA 

[50] rectifier   Conducted Indirect experimental 
measurement 

HF Filter NA 

[65] Isolated 
full bridge 

  Conducted Indirect experimental 
measurement 

HF Filter  
NA 

[66] Chopper 
serie 

x Conducted Indirect experimental 
measurement 

x MOSFET, 
IGBT 

Source: created by the authors 
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