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Abstract


This study presents a comprehensive detailed analysis of the effect of five different random modulation switching schemes and their randomness levels on the elector magnetic interference (EMI) of designed simple and interleaved DC-DC buck converters for smartphone applications. The analyzed switching schemes are pulse width modulation (PWM), random pulse width modulation (RPWM), random pulse position modulation (RPPM), random carrier frequency modulation various duty (RCFMVD), and random carrier frequency modulation fixed duty (RCFMFD). The experimental analysis is performed for all aforementioned switching modulation schemes at the switching frequency of 20 kHz and different randomness levels (RL) (30% to 85%). For a fixed RL of 40%, the switching current harmonics/conducted emission (CE) levels are 5–10 dB/11 dBμV and 17 dB/14 dBμV lower for the RCFMVD case when compared to conventional PWM for both simple and interleaved buck-converters, respectively. The observed switching current harmonics and CE levels for interleaved schemes are around 23 dB and 12 dBμV lower when compared to the conventional simple buck converter scheme for the analyzed circuit configurations. The EMI levels decrease with the increase in the randomness levels from 30% to 85% with less variations in the output voltage level. The findings suggest that a interleaved buck converter circuit with the least-independent switching mechanisms and higher randomness is more appropriate for the reduction of both current spikes and CE levels with RCFMFD as the switching modulation scheme.
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1. Introduction


A buck converter is a step-down DC-DC converter circuit that is widely used in switching mode power supply (SMPS), smartphone, laptop, and battery chargers [1,2,3]. In a buck converter, the output voltage level is controlled by the fast switching of the employed modulation scheme (usually pulse width modulation (PWM) [4,5]. The fast switching, particularly at a high frequency, produces high-frequency switching harmonics in the circuit and makes the circuit more susceptible to electromagnetic interference (EMI) [6]. The high-frequency switching spikes could also damage the functionality of the connected devices, such as smartphones or laptops, through the transfer of the conduction or radiated emissions [7,8,9,10].



The selection of buck converter schemes i.e., simple or interleaved; the randomness level of the switching schemes; and the inter-dependency of the switching mechanism for interleaved schemes could also affect the switching harmonics and emission levels [8,11,12,13]. Adequately designed charge pump circuits can be used as buck converters [14,15]. The literature lacks numerous simple and spread-spectrum-based modulation techniques on CE and peak-current harmonics levels for both conventional and interleaved buck converters.



A simple buck converter works well for low-voltage converter applications with a current up to around 25 A. However, power dissipation and efficiency begin to become an issue at higher currents [16]. An interleaved design of the buck converter is reported as a solution to high power dissipation and low efficiency as well as lower EMI levels as compared to a conventional buck converter [5,17,18,19]. Conventionally, the employed switching schemes in buck converters is pulse width modulation (PWM), which produces high switching current spikes [7,8].



The authors in [11] applied switching frequency modulation with variable delay (VDFM) for the reduction of amplitude of generated interference harmonics in parallel topology modular power supplies. Ferrazza et al. [12] employed artificial frequency modulation based on a spread spectrum approach for the reduction of EMI in a flyback power converter. The study of [13] discussed the impact of spread-spectrum based frequency-modulated PWM switching on the characterization of the quality of a power system. The authors in [20] suggested a dynamic resonant perturbation (DRP) technique to control the harmonic oscillation of a signal controlling the operation of a buck converter.



A chaotic triangular PWM signal for the active EMI reduction of a buck converter was reported in [21]. Along with conventional approaches, increasing the number of phases in a buck converter also helped to decrease the conducted emission profile as reported in [10]. Recent studies of [6,22] proposed that controlling the operation of a buck converter with a spread-spectrum modulated signal reduced the amplitude of the spectral contents of produced EMI noise. The literature lacks a comprehensive analysis of the impact of various switching modulation techniques on the current and CE profile of both interleaved and non-interleaved buck converter typologies.



In this work, we analyze the performance of a conventional as well as interleaved buck converter in terms of the switching current harmonics and conducted emission (CE) levels for the five different kinds of switching modulation schemes, i.e., pulse width modulation (PWM), random pulse width modulation (RPWM), random pulse position modulation (RPPM), random carrier frequency modulation various duty (RCFMVD), and random carrier frequency modulation fixed duty (RCFMFD).



Separate typologies of conventional and interleaved buck converters are designed and fabricated. Experimental analysis is performed for all aforementioned switching modulation schemes at the switching frequency of 20 kHz and different randomness levels.The switching frequency of 20 kHz is generated by the Arduino Due board. Analysis is conducted for both the simple and interleaved buck converter schemes as illustrated in Figure 1. For the interleaved scheme, the effect of the switching dependency (correlation) on the output voltage, current harmonics and CE levels is also analyzed.



To the best of our knowledge, this is the first such study that presents a detailed experimental EMI analysis of interleaved and non-interleaved buck converters as per the analysis strategy of Figure 1.



The rest of the work is organized as follows. Section 2 describes the basic simple and interleaved buck converter circuits. The details of the employed random switching modulation schemes and their generation are given in Section 3. The analysis of the switching current harmonics and conducted emission results for both converter circuits is presented in Section 4 and Section 5, respectively. Section 6 describes the comparison of the current harmonics and CE levels for both buck converter schemes. The dependency of the harmonics spikes on the switching mechanism of the interleaved circuit is detailed in Section 7, while the impact of the randomness levels on the harmonics is described in Section 8. Section 9 concludes this work.




2. Buck Converter Circuits


2.1. Simple Buck Converter


A schematic of the analyzed simple buck converter for 6 V–3 V DC conversion is shown in Figure 2. An N-type MOSFET was used for the purpose of switching (on/off). The switching signal (  V  s w i t c h   ) of 20 kHz with different employed random modulation schemes is fed by the commercially available Arduino Due board. The input supply source (  V s  ) was 6 V, and the buck converter was designed to operate at 20 kHz. The values of the lumped components (inductor (L) and capacitor (C)) were calculated using Equations (1) and (2) with the duty ratio (D) of 50%. The value of the output voltage fluctuation (ΔV0/V0) was set to 25% for calculations [23].


     L =    ( 1 − D )   R 0    2 f       



(1)






     C =   ( 1 − D )   8 I f ( Δ  V 0  /  V 0  )       



(2)







The output of the Arduino board was amplified for the MOSFET switching operation. The capacitor (C) was aimed to reduce the ripples of output voltages (  V 0  ). Switching current harmonics (  i  s w i t c h   ) were measured at the source terminal of N-MOSFET using a current probe in the fabricated experimental setup.




2.2. Interleaved Buck Converter


As with the simple buck converter of Figure 2, the interleaved buck converter was also designed for 6 V to 3 V DC-DC conversion. The schematic of the designed parallel or interleaved buck converter is shown in Figure 3. The values of inductors (  L 1  ) and (  L 2  ) were calculated using Equations (1) and (3). The capacitor (C) value was determined using Equation (4) with the duty ratio (D) of 25% and output voltage fluctuation (ΔV0/V0) of 25% [18].


      L 1  =  L 2  = L / 2     



(3)






     C =   ( 1 − D )   8 L   ( I  f s  )  2   ( Δ  V 0  /  V 0  )        



(4)









3. Random Modulation Switching Schemes


3.1. Switching Modulation Schemes for Simple Buck Converter


The conventional pulse width modulation (PWM) has a constant switching frequency and duty cycle. Figure 4a illustrates the typical waveform of a conventional PWM. In the Figure 4 waveforms,   T k   and   α k   refer to the   k th   cycle time period and pulse width, respectively. The ratio of pulse width and time period (dk =   α k  /Tk) is termed as the duty cycle of the waveform, which remains constant for PWM waveforms.



Figure 4b shows a typical random pulse-width modulation (RPWM) waveform. For such signals, the switching frequency (time period) remains constant. However, the pulse width (  α k  ) varies in the range of   α  m a x    to   α  m i n   , which makes the duty ratio random for such waveforms. The randomness level (RL) for each modulation scheme can be defined based on its changing modulation parameters. For the RPWM signal of Figure 4b, the ratio of the change in the gate pulse width (  α k  ) and nominal switching period (  T k  ) defines the randomness level [1] as depicted in (5). In (5),   α  m i n    and   α  m a x    are the minimum and maximum pulse widths of each duty cycle.


     R  L  R P W M   =   (  α  m a x   −  α  m i n   )   T k       



(5)







The signal representing the characteristics of random pulse-position modulation (RPPM) is depicted in Figure 4c. For such a modulating waveform, duty cycle (  d k  ) and the switching frequency remain constant. However, the pulse position changes for each time period and is controlled by the delay time of the pulse defined by parameter   ϵ k  . The shown parameters of   ϵ  m a x    and   ϵ  m i n    in Figure 4c refer to the maximum and minimum limits of the pulse position. For the RPPM case, randomness level (RL) becomes the ratio of the change in the pulse position (  ϵ k  ) and   T k   as depicted in (6) [1].


     R  L  R P P M   =   (  ϵ  m a x   −  ϵ  m i n   )   T k       



(6)







A random carrier-frequency modulation fixed duty (RCFMFD) typical signal is shown in Figure 4d. In this modulation topology, the switching carrier frequency is randomized through variations in the pulse width. The duty ratio did not change for this case. The variations in the pulse width (  α k  ) bring a change in the time period of that cycle. The maximum and minimum values of the cycle time period i.e.,   T  m a x    and   T  m i n    depend on the corresponding maximum and minimum values of the pulse width i.e.,   α  m a x    and   α  m i n   , respectively.



The switching frequency and duty cycle were randomized in the last analyzed switching modulation scheme in this study i.e., random carrier-frequency modulation variable duty (RCFMVD). Figure 4e shows the RCFMVD waveform in which   α k   did not change. The RL of both RCFMFD and RCFMVD is defined by (7)


     R  L  R C F M F D   = R  L  R C F M V D   =   (  T  m a x   −  T  m i n   )   T k       



(7)







The conventional scheme of PWM generates large spiked harmonics due to its periodic on and off time. When the pulse characteristics are changed randomly in terms of the duty cycle, pulse width, pulse position, and carrier frequency as in Figure 4, this may have an impact on the generated switching harmonics due to the change (spreading) in the power spectral density of the used modulation technique. The level of randomness of the aforementioned parameters of Figure 4 waveforms could also impact the switching harmonics and conducted emission profiles.



The switching modulation signals for different schemes of Table 1 and Figure 4 were generated using the Arduino Due board for 20 kHz (T = 50 μs). Figure 5 shows the waveform of the real-time generated switching modulation signals. All switching signals of Figure 5b–e were produced for the fixed randomness level (RL) of 40%.




3.2. Switching Modulation Schemes for an Interleaved Buck Converter


The interleaved buck converter circuit of Figure 3 can be operated in two modes: continuous conduction mode (CCM) and discontinuous conduction mode (DCM) [9]. In order to keep the whole system of interleaved in CCM the same as with a simple buck converter, the inductor and capacitor values are crucial. In addition, the duty ratio (D) should be 25%, and both switches of the interleaved circuit (see Figure 3) are operated 180 degrees out of phase [18].



The two switches of the interleaved circuit are operated in parallel to each other. When switch 1 is operating in the ‘on state’ (Mode 1), switch 2 is in the ‘off-state’ and vice versa for switch 2 operation. Figure 6 shows the generated switching signals of different modulation schemes for the CCM operation of the interleaved buck converter of Figure 3.





4. Switching Current Harmonics Analysis


4.1. Switching Current Harmonic Results for Simple Buck Converter


Figure 7 show the comparison of the measured switching current harmonics for the random modulation switching signals of Figure 5 for the simple buck converter. The results of Figure 7a show that the levels of the current harmonics were the highest for the PWM case and were the minimum for the RCFMFD and RCFMVD cases.



Table 2 summarizes the peak values of switching current harmonics (up to the fifth harmonic) of Figure 7b for all analyzed modulation schemes. We notice that the harmonic spike levels reduce when we move towards the RCFMFD switching scheme. In this case, the switching current harmonics are around 5–15 dB lower as compared to the conventional PWM case, and the output voltage value is near to the desired voltage level of 3 V.



For the RCFMFD switching modulation case, the current harmonics levels touch the −80 dB limit from the fourth harmonic, while for other schemes (PWM, RPPM, and RFFMVD) this occurs from the fifth or higher harmonics as depicted in Table 2. The first harmonic spike value for RPWM cases is higher than for the RPPM, RCFMVD, and RCFMFD cases. However, higher harmonic component values for this case are lower than the RPPM, RCFMVD, and RCFMFD modulation schemes. The fundamental spectrum component value for RPPM is lower than for RCFMFD. However, for further spectral harmonic components, the performance of the RCFMFD is better than for the RRPM case.



The power spectral density (PSD) of RPPM and RPWM modulation schemes contains discrete and multiple harmonics of the switching frequency. This is because the switching frequency or time period is constant for these schemes. Due to this, higher harmonic contents in Figure 7 waveforms were noticed for RPPM and RPWM waveforms. On the other hand, as the switching frequency is randomized in RCFMFD and RCFMVD, this makes the PSD more continuous with the spreading of power spectral density of these schemes [1,6,22]. The continuous spectrum nature of switching current harmonics after the second/third harmonics with the lowest level are noticed for the RCFMFD and RCFMVD signals.




4.2. Switching Current Harmonic Results for an Interleaved Buck Converter


Figure 8a shows the comparison of the observed current spikes of the interleaved buck converter for all five switching schemes. Table 3 presents the comparison of the output voltage of simple and interleaved buck converter schemes. It can be noted from Table 3 that, when we apply RCFMFD, we obtained a 2.97 V output voltage for the interleaved case and 2.96 V for a simple buck converter circuit. For the RPPM, the output voltage is also near to 3 V but the switching harmonics are high in this case. We observed that, in the case of the RCFMFD switching scheme, the switching current harmonics were the lowest when compared to the other schemes as illustrated in Table 4.



The lowest low-frequency switching current harmonics were observed for the RCFMFD case for the interleaved buck converter (see Table 4 and Figure 8). The spreading of the current harmonics power at a multiple of the used switching frequency of 20 kHz brings the low frequency harmonics to the lowest level for the RCFMFD modulation scheme. This is because that duty cycle remains unchanged in every switching frequency cycle for RCFMFD, which ensures the stability of the output voltage and thus lower switching harmonic contents.



The duty cycle has a random nature for modulation schemes of RPWM, and this becomes the reason for the relatively higher low frequency harmonic contents for this case. The duty cycle is also randomized in RCFMVD modulation as with RPWM. However, this randomization is because of different factors. In RPWM, the pulse width is varied, while the switching period is changed in RCFMVD for randomization of the duty cycle. Due to this reason, higher low frequency harmonics contents are observed for RPWM as compared to RCFMVD cases. Among all analyzed cases of random modulation schemes, RCFMFD is the suitable choice for both simple and interleaved schemes as the lowest level of switching current harmonics were noticed for this scheme.





5. Conducted Emission (CE) Analysis


This section describes the conducted emission results for simple and interleaved buck converter circuits for the different random modulation switching schemes.



5.1. Conducted Emission Analysis for Simple Buck Converter


Figure 9 shows the experimental setup of the conducted emission measurements for the simple buck converter. For the CE analysis, a laboratory fabricated 5 μH line impedance stabilization network (LISN) was inserted between the battery source and the buck converter as shown in Figure 9.



A spectrum analyzer was connected at the output port of the LISN to measure the CE levels [24]. Figure 10 depicts the measured CE results of a simple buck converter for five random modulation switching schemes. The comparison of Figure 10 confirms that, as with the current harmonic spikes, the minimum levels of CE were observed for the RCFMFD case for the simple buck converter scheme. The observed CE levels for RCFMFD were around 11 dBμV lower when compared to the other modulation schemes as illustrated in Figure 10.




5.2. Conducted Emission Analysis for an Interleaved Buck Converter


Figure 11 depicts the experimental setup for the CE measurements of the fabricated interleaved buck converter. As with the simple buck converter, a LISN was inserted for CE measurements.



The CE results of the interleaved buck converter are illustrated in Figure 12. We found that RCFMFD was the most useful switching scheme as we observed the lowest level of CE for this switching scheme when compared to other schemes. The observed CE levels for the RCFMFD scheme were almost 14 dBμV lower when compared to the CE levels of other modulation schemes.





6. Comparison


Figure 13 shows the comparison of the switching current harmonics of the RCFMFD modulation scheme for the simple and interleaved buck converters. For brevity, comparison curves are shown only for the RCFMFD scheme, as the lowest levels of current harmonics spikes and CE levels were observed for this scheme in both the simple and interleaved cases. For the simple buck converter, the fundamental switching current harmonic value at 20 kHz was −50 dB, which reduced to the level of −73 dB for the interleaved case. It can be noted from Figure 13 that the interleaved harmonics were around 23 dB lower than the simple buck converter circuit harmonics. When we used a switching modulation signal of RCFMFD for a simple buck converter, the CE highest spikes were around 52 dBμV as illustrated in Figure 14.



In the case of an interleaved buck converter, the highest spike was at 20 kHz (40 dBμV) as shown in Figure 14. We noticed that the CE spikes were reduced by 12 dBμV for the interleaved case. This comparison suggests that an interleaved scheme is more appropriate than a simple buck converter due to its continuous conduction mode operation. The interleaved scheme with parallel buck converters can reduce the switching harmonics and CE levels more than the simple circuit of a buck converter. The results of Figure 7b, Figure 8b, Figure 10, Figure 12, Figure 13 and Figure 14 indicate that the best modulation scheme among the analyzed switching modulation schemes of Figure 1 was found to be RCFMFD.




7. Impact of Randomness Level (RL)


The different parameters of Figure 4 waveforms are randomized to generate the switching modulation scheme as illustrated in Table 1 and Figure 5 and Figure 6. The presented analysis in Section 3 and Section 4 was for the fixed randomness level of 40%. This section describes the effect of changes in the randomness level on the current harmonics for simple and interleaved buck converter circuits.



7.1. Randomness Level Analysis for Simple Buck Converter


Our designed buck converter required a DC voltage conversion of 6 V to 3 V. First, we analyzed the impact of the randomized level of the switching signal on the buck converter output with the RCFMFD switching signal. The objective is to determine the minimum and maximum value of the randomness for which we obtain the output value of around 3 V with 6 V input. The randomness level analysis was performed in the range of 30% to 85% for all modulation schemes of Figure 1 and Table 1.



The switching frequency (20 kHz) and the duty cycle (T = 50 μs) was constant in the analyzed RCFMFD case of Figure 15. We randomized the duty cycle of the kth cycle and analyzed its effect on the output voltage and current harmonics level. Figure 16 shows the comparison of the on-time histograms of the randomized switching signal for the simple buck converter.



The variations in the output voltage are summarized in Table 5. Table 5 also summarizes the mean ( μ ) and variance ( σ ) of the on-times of the randomly generated switching signal for different randomness levels of Figure 16. This shows that, although the mean value of the on-time for different randomness levels of RCFMFD signal was around 25 μs (24–25 μs), the concentration of more than 50% of the duty cycle components (more than 25 μs) increased as the randomness level increased (see Figure 16d,e).



Figure 15 shows the switching current harmonics for various randomness levels of the RCFMFD waveform. We noticed that, as with the output voltage values, randomness also affects the level of current harmonics. The switching current harmonics level reduces with the increases in the randomness level due to the spreading of the more than 25 μs on-time components in the switching signal as can be noted from Figure 16c–e. We observed that, when the randomness level was high, the output voltage approached 3 V as illustrated in Table 5.




7.2. Randomness Level Analysis for an Interleaved Buck Converter


Figure 17 shows the result of the current harmonics of the interleaved schemes for random level analysis of the RCFMFD kth duty cycle. As in the simple buck converter cases, when the randomness level was high, the switching current harmonics reduced as shown in Figure 17.



Similar results as in Figure 15 and Figure 17 were obtained for the other modulations schemes of RPWM, RPPM, and RCFMVD for both buck converter circuits. However, here only the results of the RCFMFD modulation technique are reported for brevity. The parallel structure of the interleaved scheme maintains the output voltage approaching the desired level despite the change in randomness level of the different stochastic parameters of the modulation schemes. All the analysis of the switching current harmonics for RPWM, RPPM, RCFMVD, and RCFMFD modulation schemes were performed with a 40% randomness level in Section 3, Section 4, Section 5 and Section 6 for both buck converter typologies.



Figure 18 and Figure 19 show the histograms of switch 1 and switch 2 of the interleaved circuit for the RCFMFD switching scheme for various randomness levels. We notice that, when the randomness level increases, the variance of the on-time for both switching signals 1 and 2 also increases with the mean value of the on-time of around 12.5 μs (see Table 6 and Table 7). As in the simple buck converter case, the spreading of the on-time for both switch 1 and switch 2 of the interleaved case can be noted in Figure 18c–e and Figure 19c–e, respectively, with the increase in RL, which becomes the cause of the reduction of the switching current spikes as shown in Figure 17.



However, we also notice that the current harmonics level reduces with increases in the randomness level, and the output voltage remains within the range of the desired output voltage level (i.e., 3 V) for an interleaved case (see Figure 17a and Table 6 and Table 7). This suggests that we may choose a higher randomness level for the interleaved scheme for the further reduction of current harmonics. We monitored the on-time for each switching experiment on Arduino Due, and Figure 16, Figure 18 and Figure 19 show the total 200 frequency count. It can be observed that the histograms of both the switching signals of interleaved schemes (Figure 18 and Figure 19) and the simple buck converter scheme (Figure 16) were not truly uniform. This is due to the limitations of the random number generation of the Arduino board.





8. Interleaved Switching Dependency


The inter-dependency mechanism of the switching signals in the interleaved circuit of Figure 3 could also have an impact on the switching current and CE levels. This inter-dependency of switching signals was analyzed using the sample Pearson correlation coefficient of (8). In (8), x represents the modulation signal of switch 1, and y corresponds to the modulated switching signal of switch 2.



We analyzed the dependency between switch 1 and switch 2 using (8) to determine how much switch 1 and switch 2 were correlated with each other during the operation of the interleaved buck converter. In this study, we analyzed the inter-dependency for all switching modulation signals i.e., PWM, RPWM, RPPM, RCFMVD, and RCFMFD with different randomness levels.


      r  x y   =   ∑  (  x i  −  x ¯  )   (  y i  −  y ¯  )     ∑   (  x i  −  x ¯  )  2  ∑   (  y i  −  y ¯  )  2         



(8)







In (8),   r  x y    is the correlation coefficient between the variables x and y.   x i   is the value of the variable in a sample, and   x ¯   corresponds to the mean of the values of the x-variable. Similarly,   y i   corresponds to the value of the y-variable in the sample, and   y ¯   is the mean of the values of the y-variable. Table 8 presents the comparison of the variations in the correlation coefficient for various switching modulation signals of an interleaved buck converter with different randomness levels.



The variations in the randomness level of pulse width in RPWM, pulse position in RPPM, and carrier frequencies in RCFMVD and RCFMFD cases brings a slight change in the correlation coefficient for each case as illustrated in Table 8. We observed that the switching signals of RCFMFD had the lowest value of the correlation coefficient for the whole range of randomness level variations. This shows that, when the switching signal tends towards the least in-dependency scale, it reduces the switching current harmonics along with the conducted emissions as can be noticed from the results of Figure 7b, Figure 8b, Figure 10 and Figure 12 (the lowest levels for the RCFMFD case).



Possible limitations of the proposed study include the randomness range of the generated random switching signals for different modulation schemes using an Arduino Due board. The accuracy and randomness range of the random number generator along with the frequency of the switching signal could be improved by using digital signal processing (DSP) or field-programmable gate array (FGPA) boards in possible future work.



The analyzed switching schemes were pulse width modulation (PWM), random pulse width modulation (RPWM), random pulse position modulation (RPPM), random carrier frequency modulation various duty (RCFMVD), and random carrier frequency modulation fixed duty (RCFMFD). The experimental analysis was performed for all aforementioned switching modulation schemes at the switching frequency of 20 kHz and different randomness levels (RL) (30% to 85%).



For a fixed RL of 40%, the switching current harmonics/conducted emission (CE) levels were 5–10 dB/11 dBμV and 17 dB/14 dBμV lower for the RCFMVD case when compared to conventional PWM for both simple and interleaved buck-converters, respectively. The observed switching current harmonics and CE levels for interleaved schemes were around 23 dB and 12 dBμV lower when compared to the conventional simple buck converter scheme for the analyzed circuit configurations.



The EMI levels decreased with the increase in the randomness levels from 30% to 85% with less variations in the output voltage level. The findings suggests that interleaved buck converter circuit with the least-independent switching mechanisms and higher randomness was more appropriate for the reduction of both current spikes and CE levels with RCFMFD as the switching modulation scheme.




9. Conclusions


In this work, we described a detailed analysis of the effect of various random modulation switching schemes (PWM, RPWM, RPPM, RCFMVD, and RCFMFD) and their switching mechanisms on the current harmonics spikes and conduced emission (CE) levels for the designed simple and interleaved DC-DC buck converter circuits for smartphone applications.



The analysis suggests that the interleaved buck converter circuit is more appropriate for the reduction of both current spikes and CE levels with RCFMFD as the switching modulation scheme. The interleaved configuration reduced the current spikes and CE levels to 23 dB and 12 dBμV, respectively, when compared with the conventional configuration.



For the best performing RCFMFD modulation scheme, the enhancement of the switching randomness from 30% to 85% for RCFMFD modulation and making both switches of the interleaved circuit more independent further reduced the EMI levels. The findings of the conducted study could be useful to the design engineers of the electronics industry for the selection of an appropriate design of buck converter, switching modulation scheme, and employed level of switching randomness for the higher quality compliance of designed DC to DC conversion systems.







Author Contributions


Conceptualization, J.Y., M.F. and W.N.; methodology, J.Y. and M.F.; software, J.Y., M.F. and R.S.M.; validation, J.Y., M.F., H.R. and W.N.; formal analysis, J.Y., M.F., M.G., R.S.M. and W.N.; investigation, J.Y., M.F., M.G., R.S.M., H.R. and W.N.; resources, W.N., M.G. and H.R.; data curation, J.Y., M.F., R.S.M. and M.G.; writing original draft preparation, J.Y. and M.F.; writing review and editing, J.Y., M.F., R.S.M., M.G., H.R. and W.N.; visualization, J.Y., M.F. and W.N.; supervision, W.N.; funding acquisition, W.N., M.G. and H.R. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Abu Dhabi University’s Office of Research and Sponsored Programs and this project was funded by the Deanship of Scientific Research (DSR), King Abdulaziz University, Jeddah, Saudi Arabia under grant No. (KEP-PhD-14-135-42). The authors, therefore, acknowledge with thanks the DSR technical and financial support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tse, K.; Chung, H.H.; Hui, S.; So, H. A comparative investigation on the use of random modulation schemes for DC/DC converters. IEEE Trans. Ind. Electron. 2000, 47, 253–263. [Google Scholar] [CrossRef] [Scilit]

	



Yang, Y.; Li, D.; Wang, D. Dynamic Analysis of the Switched-Inductor Buck-Boost Converter Based on the Memristor. Electronics 2021, 10, 452. [Google Scholar] [CrossRef] [Scilit]

	



Surya, S.; Srinivasan, M.K.; Williamson, S. Modeling of Average Current in Non-Ideal Buck and Synchronous Buck Converters for Low Power Application. Electronics 2021, 10, 2672. [Google Scholar] [CrossRef] [Scilit]

	



Laour, M.; Tahmi, R.; Vollaire, C. Modeling and Analysis of Conducted and Radiated Emissions Due to Common Mode Current of a Buck Converter. IEEE Trans. Electromagn. Compat. 2017, 59, 1260–1267. [Google Scholar] [CrossRef] [Scilit]

	



Guilbert, D.; Sorbera, D.; Vitale, G. A stacked interleaved DC-DC buck converter for proton exchange membrane electrolyzer applications: Design and experimental validation. Int. J. Hydrogen Energy 2020, 45, 64–79. [Google Scholar] [CrossRef] [Scilit]

	



Sayed, W.E.; Lezynski, P.; Smolenski, R.; Moonen, N.; Crovetti, P.; Thomas, D.W.P. The Effect of EMI Generated from Spread-Spectrum-Modulated SiC-Based Buck Converter on the G3-PLC Channel. Electronics 2021, 10, 1416. [Google Scholar] [CrossRef] [Scilit]

	



Stone, D.; Chambers, B. The Effect of Carrier Frequency Modulation of PWM Waveforms on Conducted EMC Problems in Switched Mode Power Supplies. EPE J. 1996, 5, 32–37. [Google Scholar] [CrossRef] [Scilit]

	



Lin, F.; Chen, D. Reduction of power supply EMI emission by switching frequency modulation. IEEE Trans. Power Electron. 1994, 9, 132–137. [Google Scholar] [CrossRef] [Scilit]

	



Lee, I.O.; Cho, S.Y.; Moon, G.W. Interleaved Buck Converter Having Low Switching Losses and Improved Step-Down Conversion Ratio. IEEE Trans. Power Electron. 2012, 27, 3664–3675. [Google Scholar] [CrossRef] [Scilit]

	



Aulagnier, G.; Abouda, K.; Rolland, E.; Cousineau, M.; Meynard, T. Benefits of multiphase Buck converters in reducing EME (Electromagnetic Emissions) Analysis and application to on-chip converters for automotive applications. In Proceedings of the 2015 IEEE International Symposium on Electromagnetic Compatibility (EMC), Dresden, Germany, 16–22 August 2015; pp. 102–107. [Google Scholar] [CrossRef] [Scilit]

	



Mon, J.; Gago, J.; Díez, D.; Balcells, J.; Fernandez-Garcia, R.; Gil, I.; Bogónez-Franco, P. EMI reduction by means of switching frequency modulation with variable delay in power supplies. Int. J. Electron. 2012, 99, 103–112. [Google Scholar] [CrossRef] [Scilit]

	



Ferrazza, F.; Cacciotto, F.; de Simone, S.; Rapisarda, S.; Adragna, C. Implementation of artificial frequency modulation in boundary mode power converters for EMI reduction. In Proceedings of the 2020 AEIT International Annual Conference (AEIT), Catania, Italy, 23–25 September 2020; pp. 1–6. [Google Scholar] [CrossRef] [Scilit]

	



Mukherjee, R.; Patra, A.; Banerjee, S. Impact of a Frequency Modulated Pulsewidth Modulation (PWM) Switching Converter on the Input Power System Quality. IEEE Trans. Power Electron. 2010, 25, 1450–1459. [Google Scholar] [CrossRef] [Scilit]

	



Ballo, A.; Grasso, A.D.; Palumbo, G. A simple and effective design strategy to increase power conversion efficiency of linear charge pumps. Int. J. Circuit Theory Appl. 2020, 48, 157–161. [Google Scholar] [CrossRef] [Scilit]

	



Ballo, A.; Grasso, A.D.; Palumbo, G.; Tanzawa, T. Charge Pumps for Ultra-Low-Power Applications: Analysis, Design, and New Solutions. IEEE Trans. Circuits Syst. II Express Briefs 2021, 68, 2895–2901. [Google Scholar] [CrossRef] [Scilit]

	



Mohammed, S.A.; Dogan, H.; Ozgun, M.T. An 85%-efficiency reconfigurable multiphase switched capacitor DC-DC converter utilizing frequency, switch size, and interleaving scaling techniques. Microelectron. J. 2017, 67, 155–161. [Google Scholar] [CrossRef] [Scilit]

	



Carbajal-Retana, M.; Hernandez-Gonzalez, L.; Ramirez-Hernandez, J.; Avalos-Ochoa, J.G.; Guevara-Lopez, P.; Loboda, I.; Sotres-Jara, L.A. Interleaved Buck Converter for Inductive Wireless Power Transfer in DC–DC Converters. Electronics 2020, 9, 949. [Google Scholar] [CrossRef] [Scilit]

	



Joseph, A.; Francis, J. Design and simulation of two phase interleaved buck converter. Int. J. Adv. Res. Electr. Electron. Instrum. Eng. 2015, 4, 8–15. [Google Scholar]

	



Tahavorgar, A.; Quaicoe, J.E. Modeling and prediction of conducted EMI noise in a 2-stage interleaved boost DC/DC converter. In Proceedings of the 2014 16th International Conference on Harmonics and Quality of Power (ICHQP), Bucharest, Romania, 25–28 May 2014; pp. 117–121. [Google Scholar] [CrossRef] [Scilit]

	



Lu, W.; Jing, F.; Zhou, L.; Iu, H.H.C.; Fernando, T. Control of sub-harmonic oscillation in peak current mode buck converter with dynamic resonant perturbation. Int. J. Circuit Theory Appl. 2015, 43, 1399–1411. [Google Scholar] [CrossRef] [Scilit]

	



Nguyen, V.H.; Huynh, H.A.; Kim, S.; Song, H. Active EMI Reduction Using Chaotic Modulation in a Buck Converter with Relaxed Output LC Filter. Electronics 2018, 7, 254. [Google Scholar] [CrossRef] [Scilit]

	



Lin, J.Y.; Hsu, Y.C.; Lin, Y.D. A Low EMI DC-DC Buck Converter with a Triangular Spread-Spectrum Mechanism. Energies 2020, 13, 856. [Google Scholar] [CrossRef] [Scilit]

	



Rashid, M.H. Power Electronics: Circuits, Devices, and Applications; Pearson Education: London, UK, 2009. [Google Scholar]

	



Yousaf, J.; Amin, M.; Iqbal, S.; Durrani, H. Analysis of Conducted Emission Measurements of DC-DC Converter with Load for Proper Filter Design. Int. J. Microw. Opt. Technol. 2015, 10, 464–470. [Google Scholar]








[image: Electronics 11 00306 g001] 





Figure 1. Analysis strategy for the selection of an appropriate buck converter and switching modulation schemes. 
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Figure 2. Schematic of simple buck converter for switching the current harmonics analysis. 






Figure 2. Schematic of simple buck converter for switching the current harmonics analysis.



[image: Electronics 11 00306 g002]







[image: Electronics 11 00306 g003] 





Figure 3. Schematic of an interleaved buck converter for switching current harmonics analysis. 
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Figure 4. Typical pulse modulation random switching signals: (a) PWM, (b) RPWM, (c) RPPM, (d) RCFMVD, and (e) RCFMFD. 
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Figure 5. Switching modulation signals from Arduino for a simple buck converter operation: (a) PWM, (b) RPWM, (c) RPPM, (d) RCFMVD, and (e) RCFMFD. 
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Figure 6. Switching modulation signals from Arduino for the interleaved buck converter operation: (a) PWM, (b) RPWM, (c) RPPM, (d) RCFMVD, and (e) RCFMFD. 
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Figure 7. Comparison results for a simple buck converter for different modulation schemes: (a) switching current harmonics and (b) switching current harmonics up to the fifth harmonic. 
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Figure 8. Comparison result for an interleaved buck converter for different modulation schemes: (a) switching current harmonics and (b) switching current harmonics up to the fifth harmonic. 
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Figure 9. Experimental setup for the conducted emission analysis of a simple buck converter. 
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Figure 10. Comparison of the conducted emission results for different random schemes for a simple buck converter. 
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Figure 11. Experimental setup for the conducted emission analysis of the interleaved buck converter. 
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Figure 12. Comparison of the conducted emission for different random schemes for an interleaved buck converter. 
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Figure 13. Comparison of the switching current harmonics of the RCFMFD modulation schemes for simple and interleaved buck converters. 
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Figure 14. Comparison of the conducted emission results of the RCFMFD modulation schemes for simple and interleaved buck converters. 
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Figure 15. Comparison of the switching current harmonics results for various randomness levels of RCFMFD for a simple buck converter. 
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Figure 16. Comparison of histograms of switching signals for various randomness levels (RL) of RCFMFD for a simple buck converter (a) 30% RL, (b) 40% RL, (c) 50% RL, (d) 70% RL, and (e) 85% RL. 
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Figure 17. Comparison of the switching current harmonics results for various randomness levels of RCFMFD for an interleaved buck converter. 
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Figure 18. Comparison of the histograms of the switch 1 switching signal for various randomness levels (RL) of RCFMFD for an interleaved converter (a) 30% RL, (b) 40% RL, (c) 50% RL, (d) 70% RL, and (e) 85% RL. 
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Figure 19. Comparison of the histograms of the switch 1 switching signal for various randomness levels (RL) of RCFMFD for an interleaved converter (a) 30% RL, (b) 40% RL (c) 50% RL, (d) 70% RL, and (e) 85% RL. 
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Table 1. Summary characteristics of different switching schemes [1].






Table 1. Summary characteristics of different switching schemes [1].





	Modulatiton
	Tk
	    α k    
	    ϵ k    
	dk =    α k   /Tk





	PWM
	constant
	constant
	zero
	constant



	RPWM
	constant
	random
	zero
	random



	RPPM
	constant
	constant
	random
	constant



	RCFMVD
	random
	constant
	zero
	random



	RCFMFD
	random
	random
	zero
	constant










 





Table 2. Comparison of the current harmonics for a simple buck converter (harmonics values are in dB).






Table 2. Comparison of the current harmonics for a simple buck converter (harmonics values are in dB).





	
Frequency (kHz)

	
20

	
40

	
60

	
80

	
100




	
Harmonics

	
First

	
Second

	
Third

	
Fourth

	
Fifth






	
Switching

Schemes

	
PWM

	
−39

	
−55

	
−63

	
−65

	
−69




	
RPWM

	
−44

	
−69

	
−78

	
−80

	
−81




	
RPPM

	
−49

	
−64

	
−75

	
−79

	
−80




	
RCFMVD

	
−47

	
−67

	
−77

	
−78

	
−82




	
RCFMFD

	
−46

	
−67

	
−75

	
−80

	
−80











 





Table 3. Comparison of current harmonics for an interleaved buck converter (harmonics values are in dB).
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Frequency (kHz)

	
20

	
40

	
60

	
80

	
100




	
Harmonics (dB)

	
First

	
Second

	
Third

	
Fourth

	
Fifth






	
Switching

Schemes

	
PWM

	
−61

	
−70

	
−74

	
−79

	
−79




	
RPWM

	
−56

	
−69

	
−78

	
−79

	
−81




	
RPPM

	
−67

	
−74

	
−79

	
−80

	
−80




	
RCFMVD

	
−75

	
−76

	
−78

	
−79

	
−81




	
RCFMFD

	
−78

	
−79

	
−80

	
−81

	
−80











 





Table 4. The impact of different switching schemes on output voltage variations for simple and interleaved converters.
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	Schemes
	Interleaved V0 (V)
	Simple V0 (V)





	PWM
	3.01
	2.91



	RPWM
	3.23
	3.14



	RPPM
	3.03
	2.90



	RCFMVD
	3.21
	3.10



	RCFMFD
	2.97
	2.96










 





Table 5. Comparison of the output voltages mean and variance of the on-time for simple buck converters for different randomness levels of RCFMFD switching modulation schemes.
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	RL (%)
	   V 0    (V)
	   μ   
	   σ   





	30
	2.91
	24
	7



	40
	2.96
	25
	10



	50
	2.97
	24
	14



	70
	2.98
	25
	33



	85
	3.01
	24
	46










 





Table 6. Comparison of the output voltages, mean, and variance of the on-time for an interleaved buck converter switch 1 for different randomness levels of RCFMFD switching modulation schemes.
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	RL (%)
	   V 0    (V)
	   μ   
	   σ   





	30
	3.21
	12.6
	1.6



	40
	2.96
	12.7
	2.2



	50
	2.97
	12.7
	3.3



	70
	2.97
	12.7
	6.2



	85
	2.98
	12.1
	9.1










 





Table 7. Comparison of the output voltages, mean, and variance of the on-time for an interleaved buck converter switch 2 for different randomness levels of RCFMFD switching modulation schemes.
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	RL (%)
	   V 0    (V)
	   μ   
	   σ   





	30
	3.21
	12.6
	1.6



	40
	2.96
	12.7
	2.2



	50
	2.97
	12.7
	3.3



	70
	2.97
	12.7
	6.2



	85
	2.98
	12.1
	9.1










 





Table 8. Comparison of the correlation coefficient of switch 1 and 2 of an interleaved circuit with different randomness levels and random modulation schemes.
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Correlation Coefficient (   r  x y    )






	
RL (%)

	
30

	
40

	
50

	
70

	
85




	
RPWM

	
−0.32

	
−0.33

	
−0.32

	
−0.32

	
−0.34




	
RPPM

	
−0.15

	
−0.15

	
−0.15

	
−0.15

	
−0.16




	
RCFMVD

	
−0.18

	
−0.18

	
−0.18

	
−0.18

	
−0.18




	
RCFMFD

	
−0.15

	
−0.15

	
−0.15

	
−0.15

	
−0.15
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