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 This paper describes modelling a step-down chopper designed for a 

photovoltaic application to study its performance of electromagnetic 

compatibility (EMC) in conducted mode. The EMC measurements attended 

at this stage have shown that the buck converter is a harmful device for its 

electromagnetic environment. Indeed, the fast-switching operation leads to 

higher levels of conducted and radiated electromagnetic interference (EMI) 

and subsequently facilitates the electromagnetic coupling with the 
surrounding environment. In this sense, we present a new proposal of structure 

and control based on a combination of two techniques, namely pseudo-

random modulation and soft switching, thus minimizing the conducted 

electromagnetic emissions at the source. The usefulness of this new strategy, 
evaluated through a comparative study, lies in its efficiency compared to the 

classical PWM method, allowing both to reduce the rise of current and voltage 

gradients and spread the electromagnetic spectrum over a wide frequency 

range. The simulation results prove that a significant gain in EMC has been 
reached. 

Keywords: 

Conducted EMI 

Power electronics 

Random PWM 

Soft-switching 

This is an open access article under the CC BY-SA license. 

 

Corresponding Author: 

Zakaria M’barki 

RITM Laboratory, Higher School of Technology, Hassan II University of Casablanca 

Km 7 El Jadida Road-r.p.8, B.P. 20000, Casablanca-Morocco 

Email: mbarki.ensem@gmail.com 

 

 

 

1. INTRODUCTION 

Over the last decade, photovoltaic energy has become more and more widespread. As a result, 

conversion systems such as choppers and inverters have become necessary to adapt to different technologies 

and environments [1], [2]. However, these semiconductor-based power converters, ubiquitous in various fields, 

operate polluting due to the fast switching. In general, the switching operation exhibits quasi-trapezoidal 

waveforms (voltages and currents). Analyzing these waveforms becomes essential for proper modeling noise 

sources and propagation paths in converter systems [3]. In this perspective, our subject is interested in studying 

the conducted electromagnetic stresses [4] in a buck converter dedicated to a photovoltaic application to 

minimize them as much as possible. Indeed, the power switch used, such as the metal oxide semiconductor 

field effect transistor (MOSFET), generally presents two transient switching phases: turn-off and turn-on. High 

current and voltage differentials are generated during these phases, which subsequently induce disturbing 

emissions propagating by conduction and radiation in the frequency band between (150 kHz, 1 GHz) [5]. 

Again, the increase in frequency synchronized with the evolution of power electronic components has made it 

possible to increase the power density (kW/kg) and reduce manufacturing costs. However, it leads to a 

reduction in efficiency (higher switching losses) and an increase in electromagnetic pollution (constraints on 

the MOSFET and translation of the spectrum towards HF). To remedy this, several methods mentioned in the 
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literature have been discussed. First of all, the resonant switching method [6], also called soft switching, is 

occurred either at zero voltage [7] or zero current [8]. The zero-voltage switching quasi-resonant buck converter 

(ZVS-QRC) is one of the most widely used advanced ZVS schemes. Its principle is to add some extra elements 

(inductor, capacitor, or diode) to the main switch to overcome the already expected drawbacks of the hard 

switching method for a conventional buck converter. Thus, the power losses due to switching are considerably 

reduced on the one hand, and on the other hand, voltage or current gradients are attenuated. That ensures a 

reduction in conducted electromagnetic interference and subsequently contributes to a good electromagnetic 

compatibility (EMC) gain. 

In the same vein, other solutions have proven to be quite effective, according to previous work 

dedicated to this field of EMC. The most widely used technique is filtering [9], [10], which reduces or 

eliminates the EMI noise generated by power converters. However, when size is a significant concern, another 

option should be to minimize conducted emissions, namely pseudo-random modulation [11]. Its effectiveness 

lies in how electromagnetic noise levels are reduced while dispersing harmonic energy over a wide frequency 

range [12], [13]. This method is easy to implement at the control level because the structure of the conversion 

system is preserved. At this stage, there are two types of implementations: a logic implementation and a digital 

implementation via specific circuits such as field-programmable gate array (FPGA) and digital signal 

processing (DSP). In this context, the procedures widely used to produce this type of pseudo-random 

modulation are mainly focused on the use of a linear feedback shift register (LFSR) [14], a linear congruential 

generator (LGC) [15], or a chaotic recursive sequence [16], [17]. 

In order to better meet the EMC standards, a promising approach based on an appropriate combination 

of pseudo-random modulation and resonant switching techniques has been developed, encompassing the 

advantages of both techniques already provided. Comparison based on the spectral content of electromagnetic 

disturbances for different methods shows the effectiveness of this new method compared to the others. The 

present work studies a DC-DC conversion system used in photovoltaic applications, namely the step-down 

chopper. As it is a polluting source of its electromagnetic environment, we will mention the different methods 

to optimize and reduce its electromagnetic emissions, especially those carried out to comply with the prescribed 

EMC rules [18]. Finally, a brief conclusion is included. 

 

 

2. STUDY & MEASUREMENT OF CONDUCTED DISTURBANCES OF A BUCK CONVERTER 

A static step-down converter of duty cycle α is interposed between the load R_L and the photovoltaic 

generator represented by a DC voltage source 𝑉𝑖𝑛 which is assumed to be a constant input. To study the 

characteristics of the switches considered for this application, we have chosen a chopper model consisting of a 

freewheeling diode (HFA25TB60) and a MOSFET transistor (IRFP460) operating at very high frequencies for 

power applications of the order of 1 KW. The MOSFET is controlled by a logic signal 𝑉𝐺𝑆 of fixed frequency 

(100 kHz) and duty cycle α=0.5. The latter is generated by the principle of deterministic pulse width modulation 

(DPWM), i.e., based on a comparison between a reference modulating signal 𝑉𝑟𝑒𝑓 and a carrier 𝑉𝑡𝑟𝑖 (Figure 1). 

 

 

 
 

Figure 1. The structure of the serial chopper used 
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The LC output filter of the buck converter is used to limit the maximum current ripple (∆𝐼𝐿 = 20%) in 

the inductor and the maximum voltage ripple (∆𝑉𝑂 = 2%) across the load (Figure 2). The following expressions 

give the calculation of the components of this filter: 

 

𝐿𝐹= 
(𝑉𝑖𝑛−𝑉𝑂) 𝜇 𝑇𝑠

∆𝐼𝐿
; 𝐶𝐹= 

∆𝐼𝐿 𝑇𝑠

8 .∆𝑉𝑂
 (1) 

 

This buck converter is designed for the following specifications listed in Table 1. 

 

 

Table 1. Simulation parameters 

 

Parameter Value 

Input voltage 𝑉𝑖𝑛 100 V 

Output voltage 𝑉𝑂 50 V 

Load resistance 𝑅𝐿 24 Ω 

Switching frequency 𝑓𝑠 =
1

𝑇𝑠
 100 kHz 

Inductance 𝐿𝐹 600 μH 

Capacitance 𝐶𝐹 520 nH 

Conversion ratio μ= 
𝑉𝑂

𝑉𝑖𝑛
 50% 

 

 

Figure 2. Steady-state waveforms (𝐼𝐿 and 𝑉𝑂) for the serial 

chopper 

 

 

EMI are harmful disturbances that affect neighboring electrical circuits due to electromagnetic 

conduction or electromagnetic radiation from an external source. These disturbances can interrupt or even 

degrade the actual performance of circuits. EMI is classified into two categories: conducted and radiated. 

Conducted EMI is caused by physical contact with metallic conductors, while radiated EMI is caused by 

induction (without physical contact with the conductors). The Figure 3 (a) show the different types of EMI. 

In this section, we will only focus on conducted EMIs. In order to be able to quantify them, a 

measuring device has been developed for this purpose. This instrument, which is prescribed in the EMC 

standards, is called a line impedance stabilization network "LISN" in Figure 1 and is a tool for measuring 

conducted EMI [19]; it is similar to a filter that is inserted between the device under test and the network 

supplying the energy. Its function is to isolate the network on which common mode and differential mode 

disturbances may exist in Figure 3 (b) from the equipment under test (step down chopper). 
 

 

 
(a) (b) 

  

Figure 3. Electromagnetic emissions with (a) EMI classes and (b) principle of measurement of conducted 

disturbances 
 

 

3. METHODS, SIMULATION RESULTS AND DISCUSSION 

2.1.  Soft switching 

Controlled switching of a semiconductor can pose stringent requirements for electromagnetic 

compatibility. Indeed, conducted emission is considered a significant problem on most conventional power 

electronics systems. The slight variations in current and voltage that the cell undergoes during the switching 

phase are fundamental sources of disturbance. In addition, the high frequency of static converters leads to a 

significant increase in switching losses. This type of switching is called hard switching. 

In order to overcome these drawbacks, a combination of power electronics topologies and appropriate 

switching strategies is proposed. This is achieved by incorporating resonant circuits into conventional converter 

topologies to create zero voltage switching (ZVS) or zero current switching (ZCS) conditions for semi-
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conductor switches. This type of switching is called soft switching [20], as opposed to DPWM or so-called 

hard switching. ZVS and ZCS switching topologies specifically use resonance techniques to force the voltage 

or current in a semi-conductor switch to zero, thereby eliminating or reducing switching losses. These 

converters have the same power topologies as conventional hard-switching converters, except that they use an 

LC resonant circuit around the semi-conductor switches. Depending on the location of the ZVS or ZCS 

resonant circuit elements, turn-on or turn-off transitions can be created. Typically, in ZCS converters, a 

resonant inductor placed in series with the semi-conductor switch is used to resonate the current through the 

switch to zero on opening and limit the 
di

dt
 on closing. Generally, in ZVS converters, a resonant capacitor placed 

in parallel with the semiconductor switch is used to resonate the voltage across the switch to zero on closure 

and limit the 
dv

dt
 on opening. In this paper, the focus will be on the ZVS method and its effectiveness in reducing 

EMIs. The following properties characterize the design of buck quasi-resonant converters operating at zero 

voltage: 

− Normalized resonance frequency: 𝑓𝑛= 
𝑓

𝑓𝑟
 with 𝑓𝑟=

1

2 𝜋√𝐿𝑅𝐶𝑅
 

− Normalized characteristic impedance: 𝑍𝑛= √
𝐿𝑅

𝐶𝑅
 

− Normalized load resistance: Q= 
𝑅𝐿

𝑍𝑛
 

− Conversion ratio : μ= 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 

Figure 4 shows the schematic of the buck DC/DC converter under study. This schematic which 

operates on ZVS condition as shown in Figure 4 (a) can be divided into four operating modes as shown in 

Figure 4 (b), which are dependent on the state of the main switch and the freewheeling diode. It is assumed 

that the inductance and capacitance of the output filter are much larger than the inductance and capacitance of 

the resonance, and therefore, the output current and voltage can be considered as pure DC parameters equal to 

𝐼𝑂 and 𝑉𝑂, respectively. 

− Mode I (0 ≤ t < 𝑡1) 

At the beginning of this mode, the switch S is turned off, diverting the current 𝑖𝐿𝑅 into the resonant 

capacitor 𝐶𝑅. The voltage across the capacitor, initially zero, begins to charge with a current equal to 𝐼𝑂. The 

equivalent circuit in this mode is shown in Figure 4 (b-1) This gives: 

 

𝑉𝐶𝑅  = 
𝐼𝑂

𝐶𝑅
 t ; 𝑉𝐷  = 𝑉𝑖𝑛-𝑉𝐶𝑅  (2) 

 

The duration of this mode is given by: 𝜏1= 𝑡1=
𝑉𝑖𝑛 𝐶𝑅

𝐼0
 

− Mode II (𝑡1 ≤ t < 𝑡2) 

This mode starts when diode D becomes forward biased. During this mode, capacitor 𝐶𝑅 and inductor 

𝐿𝑅 together form a resonant circuit, and at the end of this mode, the voltage 𝑉𝐶𝑅  attempts to reverse, which 

causes diode 𝐷𝑅 to conduct. The diode 𝐷𝑅 across the capacitor 𝐶𝑅 prevents the voltage 𝑉𝐶𝑅  from becoming 

negative. The equivalent circuit in this mode is shown in Figure 4 (b-2). These yields: 

 

𝑖𝐿𝑅= 𝐼𝑂 cos 𝑤𝑟  (t-𝑡1); 𝑉𝐶𝑅=𝑉𝑖𝑛+𝐼𝑂  𝑍𝑛 sin 𝑤𝑟  (t-𝑡1) ; 𝐼𝑂 ≥ 
𝑉𝑖𝑛

𝑍𝑛
 (3)  

 

The length of this mode is given by: 𝜏2= 𝑡2 − 𝑡1= 
1

𝑊𝑟
[π+ γ] avec γ= 𝑠𝑖𝑛−1( 

𝑉𝑖𝑛

𝑍𝑛 𝐼𝑂
 ) 

− Mode III (𝑡2 ≤ t < 𝑡3) 

This mode begins as soon as switch S is turned on. The equivalent circuit for this mode is shown in 

Figure 4 (b-3). During this mode, diode D remains forward biased and conductive. Furthermore, in this mode, 

the current 𝑖𝐿𝑅 increases linearly from 𝑡3 to 𝑡4 until it reaches the value of 𝐼𝑂 . The following equations are 

obtained: 

 

𝑖𝐿𝑅= 
𝑉𝑖𝑛

𝐿𝑅
 (𝑡 − 𝑡2) − 𝐼𝑂 cos (γ); 𝑉𝐶𝑅  = 0 (4) 

 

The period of this mode is given by: 𝜏3= 𝑡3 − 𝑡2= 
𝐼0 𝐿𝑅

𝑉𝑖𝑛
 (1+cos γ). 

− Mode IV (𝑡3 ≤ t < 𝑇𝑠) 

This mode starts when the resonant inductance current 𝑖𝐿𝑅 becomes equal to the output current 𝐼𝑂 and, 

as a result, diode D becomes reverse biased and stops conducting. Therefore, in this mode, only switch S is 
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conducting and transferring power to the load. The equivalent circuit for this mode is shown in Figure 4 (b-4). 

The following equations are derived. 

 

𝑖𝐿𝑅= 𝐼𝑂 ; 𝑉𝐷=𝑉𝑖𝑛; 𝑉𝐶𝑅  = 0 (5) 

 

This mode will end at 𝑡4 = 𝑇𝑠, and its time length is given by: 𝜏4= 𝑇𝑠 − 𝜏3-𝜏2-𝜏1 

We will now discuss the simulation results of the switch voltages and currents as shown in Figure 5. 

The effect of the resonant circuit is manifest on the EMI stresses as the slope of the switch voltage 𝑉𝐷𝑆 is well 

reduced compared to the conventional method as shown in Figure 6, the switching losses are considerably 

reduced. 
 

 

 
(a) (b) 

 

Figure 4. Schematic of the buck quasi-resonant converter operated under with (a) zero voltage switching 

and (b) its equivalent circuits for operating modes 

 

 

 
 

Figure 5. Voltage and current for ZVS method 
 

 

 
 

Figure 6. 𝑉𝐷𝑆 Voltage slope for DPWM and ZVS methods 
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By using the concept of energy conservation, we get the expression of the voltage gain: 
 

μ= 1-
𝑓𝑛

2𝜋
 ( 

𝑄

2 𝜇
 +π+ 𝑠𝑖𝑛−1( 

𝑄

𝜇
 ) +

𝜇

𝑄
 (1+√1 − (

𝑄

𝜇
)2) (6) 

 

This yields the expression for the duty cycle:  
 

D=1-
𝑓𝑛

2𝜋
 ( 

𝑄

 𝜇
 +π+ 𝑠𝑖𝑛−1( 

𝑄

𝜇
 )) (7) 

 

The plotting of the conversion ratio μ as a function of the normalized frequency is achieved for 

different loads Q as shown in Figure 7. A numerical analysis method of Newton Raphson has been applied. 

Here it can be deduced that in the case of the ZVS control, the output voltage depends on the control frequency. 
 

 

 
 

Figure 7. Conversion ratio characteristic according to the normalized load 
 

 

Based on the study of the quasi-resonant buck converter in the previous paragraph, the following 

results can be given, assuming that we take Q=μ=0.5: 

The resonant frequency: 𝑓𝑟= 
3(1+𝜋)𝑓𝑠

4𝜋(1−𝜇)
 

The duty cycle: D=1-
𝑓𝑛

4𝜋
 (3π+2) 

These formulas calculate the resonant inductor and capacitor: 
 

𝐿𝑅=
𝑍𝑛

2𝜋𝑓𝑟
 ; 𝐶𝑅=

1

2𝜋 𝑓𝑟 𝑍𝑛
 (8) 

 

As shown in Table 2 summarizes what has been described above. 
 

 

Table 2. The buck ZVS-QRC converter parameters 
Component Normalized value 

Inductance 𝐿𝑅 39 μH 

Capacitance 𝐶𝑅 15 nH 
Resonant frequency 𝑓𝑟  197.75 kHz 
Duty cycle D ~ 54% 

 

 

2.2.  Pseudo random modulation 

Its principle lies in generating a chaotic binary sequence of 0 and 1 (PRBS) from linear feedback shift 

registers. The theory [21] behind these devices is based on algebraic computation in the Galois body as shown 

in Figure 8 (a). The resulting binary sequence lasts L= (2𝑁-1)* 𝑇𝐶𝐿𝐾.Where N is the toggle number, and 𝑇𝐶𝐿𝐾 

is the clock period. If N becomes large, then the observation of one of the outputs of the N flip-flops reveals a 

random series of 1 and 0. The repetition period L is vast, which justifies the name pseudo-random sequence. 

After that, we take in our work 𝑓𝐶𝐿𝐾  =100 kHz and N=8 in Figure 8 (b); thus, we will have a binary sequence 

of L=255. 

This technique will be used to perform a pseudo-random modulation control. A multiplexer whose 

address input is the random sequence of 0 and 1 will direct two types of input signals of triangular form in the 

opposite phase to the output, which will be considered a carrier for our control system. Next comes the 

operation of comparing the reference signal 𝑉𝑟𝑒𝑓 to this random carrier 𝑉𝑃  to generate the switch control signal 

as shown in Figure 9. 
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This resulting control signal has a pseudo-random pulse position with a constant duty cycle and 

frequency switching. That is called random pulse position modulation (RPPM) [22], [23]. Simulation analysis 

of this same signal in the frequency domain via the fast Fourier transform (FFT) enabled us to extract its 

spectrum and compare it with that derived from the DPWM method (Figure 10). As a result, it is found that 

the spectrum of the signal via the pseudo-random modulation method is well-distributed, thus reducing the 

harmonics peaks compared to the conventional DPWM method, whose spectrum contains odd-numbered 

harmonics with significant amplitudes. 
 

 

 
(a) 

 

 
(b) 

 

Figure 8. Pseudo-random binary sequence (PRBS) with (a) operating model and (b) PRBS generator circuit 
 

 

 
 

Figure 9. Structure of the control signal generator for RPPM method 
 

 

 
 

Figure 10. Spectrum of control signal for DPWM and RPPM methods 
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2.3.  Conducted disturbance analysis for the different methods 

This part of research typically aims to quantify EMI in the conducted mode for a buck converter, and 

this for different approaches already mentioned. We opted for analysis in the time domain [24] instead of the 

frequency domain [25] for direct modeling of EMI. This simple analysis is performed using circuit simulation 

software (ISIS PROTEUS, SPICE, and PSIM). The spectrum of disturbances is then obtained by fast Fourier 

transform (FFT). 

Indeed, the voltage measured at the terminals of the LISN is an image that reflects the disturbances in 

differential and common mode. To analyze it, we will be interested in extracting the spectral content it carries. 

The scheme we will adopt in the following is shown in Figure 11. 

The main objective of the present study is to visualize the impact of these methods, respectively ZVS-

Switching and RPPM, on the optimization of conducted electromagnetic emissions in the frequency range 

between (150 kHz, 30 MHz). Finally, a new method will be proposed that is based on a combination of these 

methods. By using simulation, the following EMI measurement results were collected in Figure 11. 

Figure 11 (a) shows a direct comparison at the frequency spectrum level (𝑉𝑙𝑖𝑠𝑛) between the two soft 

and hard switching methods. In the frequency range between (3 MHz, 30 MHz), it is evident that the spectral 

content of the voltage 𝑉𝑙𝑖𝑠𝑛  has decreased significantly. In a resonant converter, the master switches turn on 

and turn off in the ZVS condition, which reduces the switching gradients 
dv

dt
 and 

di

dt
. As a result, the soft-

switching converter significantly reduces EMI noise. Hence, it is of primary interest in terms of EMC. We will 

then analyze Figure 11 (b), which also shows a comparative spectral content of the voltage 𝑉𝑙𝑖𝑠𝑛  between two 

techniques, i. e., classical PWM (DPWM) and random (RPWM). The pseudo-random modulation employed is 

based on the randomization of the pulse position (RPPM). It can be seen that the spectral content distribution 

derived from the latter technique is extended uniformly over a wide frequency band. That will lead to an 

effective attenuation of harmonic amplitudes; in other words, an EMC gain of approximately 20 dBuV 

compared to the DPWM technique can be achieved. 

Finally, to benefit from the advantages of the two proposed methods, they are combined in a unique 

technique: The dual method. This method makes it possible to mix the two strategies without altering the level 

of the output voltage. As shown in Figure 11 (c), we can see that the spectrum is uniformly spread over an 

extensive frequency band with harmonics whose peaks have significantly been reduced. The results we have 

identified further explain the usefulness of this process for reducing conducted disturbances in the buck 

converter system. The EMC measurements show that the levels of conducted EMI are effectively reduced. 

 

 

  
(a) (b) 

 

 
(c) 

 

Figure 11. Spectral content of the voltage 𝑉𝑙𝑖𝑠𝑛 for (a) ZVS method, (b) RPPM method, and (c) dual 

method 
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4. CONCLUSION 

A new technique based on the combination of two methods has been discussed in this paper to reduce 

the adverse effects of conducted disturbances in static DC-DC converters. The first method uses resonant 

circuits to smooth the switching of turn on or off, thereby reducing the rate of voltage and the current rise and 

achieving significant EMC gain. The second is to use pseudo-random control (RPPM), which spreads the 

power spectrum of disturbances over a wide range of frequencies and thus reduces the amplitudes or peaks of 

harmonics that come from deterministic PWM control. An evaluation of the effectiveness of this new strategy 

based on the spectral analysis of conducted EMI has shown that the conducted emissions of the studied device 

are considerably reduced, and therefore, a meaningful gain in electromagnetic compatibility has been achieved. 
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