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3 Abbreviations 

 

Abbreviation Translation 

EMC Electromagnetic compatibility  

EMI Electromagnetic interference  

PLC Power Line Communication  

DBPSK Differential Binary Phase Shift Keying  

DQPSK Differential Quad Phase Shift Keying  

OFDM Orthogonal Frequency  

FSK Frequency Shift Keying  

ASK Amplitude Shift Keying 

LISN The Line Impedance Stabilization Network 

 ZCG Zero Configuration GUI 

SMPS Switched Mode Power Supply 

PRIME Power line Related Intelligent Metering Evolution 

NB-PLC Narrowband Power line communication 

BB-PLC Broadband Power line communication 

EN European Norm  

FCC Federal Communications Commission 

ARIB Association of Radio Industries and Businesses 

PWM Pulse Width Modulation 
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4 Introduction 

In the last decade, the use of renewable energy has gained a meditative interest in a lot of 

applications, especially, in the home applications, traction, and industrial systems. 

Consequently, this claims growing concerns on the reliability of the communications between 

the smart grid elements. The Power Line Communication (PLC) is considered as one of the 

most used techniques for the communication between the smart grid elements, as it uses the 

existing power cables in the system to provide data transmission capabilities. The use of the 

electrical cable infrastructure results in lowering the cost and providing high data transition 

rate, however, a lot of problems could appear in the communication due to the presence of 

harmonics and conducted Electromagnetic Interference (EMI) in the power cables [1]. 

The use of several power electronic converters connected through PLC increases the 

probability of appearance of data transmission errors, caused by the generated EMI in the 

system, due to the high switching frequency used for the control of the converter operation [2]. 

The most traditional control approach is pulse width modulation (PWM). In the case of three 

or more phase systems, named “polyphase systems", the industry-standard today is the so-

called space vector modulation, in which switching commands for all three phases are 

generated in a coordinated fashion [3]–[6]. Two approaches became more popular; one is the 

optimization the Power Electronic Interfaces thought their switch modulation strategies. 

Deterministic PWM waveforms (“programmed switching”), and other is an alternative in the 

form of randomized modulation. The concept of frequency modulation techniques is based on 

the modulating the original constant clock frequency to spread the energy of every single 

harmonic into the well-defined frequencies, thus reducing the peak amplitude of EMI at 

harmonic frequencies. There is no continues noise spectrum. The strategy with programmed 

switching frequency is using a variable switching frequency, obtained by the modulation of a 

base value, i.e., carrier function using control signals and having a spectrum with lower peak 

amplitude than the constant frequency square signal. This strategy is also known as spread 

spectrum frequency modulation (SSFM). The investigations of such techniques applied to EMI 

reduction of digital systems is a subject of significant concern, inclusive opening a new area of 

research for the modulation techniques with randomized modulation [7]–[13].  

 The core difference of these approaches is that the effect of the randomization in attenuating 

the discrete spectrum, equal the spread spectrum frequency modulation (SSFM) approach, but 

also introduce a continuous spectrum. One possible problem in converters with randomized 

modulation is the increase of “ripple” (i.e., deviation around the nominal waveform) when 

compared with programmed switching. This particularly bothersome is in the low-frequency 

range (“drift”)[14]–[17]. The effect of different modulation techniques on the communication 

has been studied before in [18][19], it shows great influence on RS-232 communication 

standard. 

  This report focuses on studying the influence of converter modulation techniques on PLC 

performance. Moreover, the effect of the distance between the source of EMI and the sending 

device has studied as well. A simulation results was provided for the effect of EMI Source on 

the PLC Performance in different PLC modulation techniques.     
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4.1 PLC Standardization and Regulations 

The PLC works by modulating carrier signal and adding it to the main power signal. it 

operates through two main frequency bands: Narrowband (NB-PLC) and broadband PLC (BB-

PLC). The NB-PLC typically works at a range of 3 kHz to 500 kHz and BB-PLC works at a 

range of 1.8MHz to 250MHz [1]. The NB-PLC is working in the smart metering application, 

traction and battery charging systems, however, the BB-PLC is used in high-speed application 

like the internet. Therefore, this paper concerns only on NB-PLC. 

As shown in Table 1, there are three main regulations are used, the first is the European Norm 

(EN) 50065, it was first established by CENELEC in 1992 [1]. It consists of four frequency 

bands, which are commonly referred to as CENELEC-A (3 – 90.6 kHz), CENELEC-B (95–

125 kHz), CENELEC-C (125–140 kHz) and CENELEC-D (140–148.5 kHz) respectively. The 

second is the U.S. Federal Communications Commission (FCC), the PLC is used in the range 

between 9 and 490 kHz band, this regulation is not used for smart meter applications. The last 

regulation is established by the Japanese Association of Radio Industries and Businesses 

(ARIB) in the form of Standard T84, which allow the use of PLC in the 10–450 kHz band. 
 

Table I: Standard and Regulation of PLC [1]. 

Region Standard/Regulation Type Frequency in (kHz) 

Europe 
EN 50065 

3–148.5 kHz 

CENELEC A 3 to 90.6 

CENELEC B 95 to 125 
CENELEC C 25 to 140 
CENELEC D 140 to 148.5 

USA FCC 9 – 490 kHz 

Japan ARIB STD T-84 10–450 kHz 

A lot of industries start developing of PLC solution based on the regulation in Table1, G3-

PLC has been developed the G3-PLC Alliance and The industry specifications PRIME (Power 

line Related Intelligent Metering Evolution) by the PRIME Alliance. Fig.1 shows the 

developed industrial solutions and the standards that they support [1].  

 
Fig.1: Industrial solutions and operating frequency ranges [1]. 
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4.1.1 PRIME   

PRIME is the specification designed for narrow band PLC as shown in Fig.2; it is for low 

voltage lines with low noise levels and targets high data rates. PLC using PRIME take place 

in CENELEC (European Committee for Electro-technical Standardization) A band (41.9 to 

88.8 kHz) using OFDM modulation with 97 sub carriers out of which 96 are for data. All the 

sub-carriers can be modulated with different modulation schemes like DQ-PSK (Dual-

Polarization Phase Shift Keying), DB-PSK (Differential Binary Phase Shift Keying), D8-PSK 

(Differential –n Phase Shift Keying). The average transmission rate for the PHY layer is 

around 70 kbps and maximum is 128 kbps. PRIME convergence layer classifies traffic by 

associating it with proper MAC address. This helps in providing access to core MAC 

functionalities of system access, connection management and mesh topology resolution. The 

MAC layer provides function like system access, bandwidth allocation, connection 

establishment or maintenance and topology resolution. Physical layer transmits and receives 

data packets from neighbour nodes  [20]. 

  

Fig.2. Block Diagram of PRIME Elements in dashed boxes are bypassed in some protocols.  

4.1.2 G3  

G3 is another prominent protocol for narrow band PLC communication as shown in Fig.3. G3 

operates over CENELEC A band (3-95 kHz) in Europe and can be extended to full FCC band 

to provide a higher data rates in other countries. G3 was designed for medium voltage lines. 

G3 also uses an OFDM modulation technique; the sub-carriers can be modulated using 

DBPSK and DQPSK. It supports data rates up to 33.4 kbps under normal operation condition. 

G3 was designed to pass through transformers by enabling PLC signals[20].  

  

Fig.3. Block Diagram of PLC G3 [21] 
Both these protocols are quite similar the following Table II shows a comparison between 

the two protocols and highlights the major differences among them. Although these results 

don’t prove that one protocol is better than the other, but it give a fair idea of the basic 

differences between these protocols. 
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Table II. G3 vs. PRIME [21]  

  G3  PRIME  

Fequency Range  35-91 kHz  42-89 kHz  

Sampling Frequency fs  400 kHz  250kHz  

FFT  size  256  512  

Length of CP  30  48  

Windowing  yes  no  

Sub Carrier Spacing  1.5625 kHz  488 Hz  

No. of Carriers Used  36  97  

Max data Rate  33.4 kbps  128.6 kbps  

Forward Error Correction  Reed Solomon Code  

Repetition Code, Convolution 

Code  

Convolution Code  

Interleaving  Per data packet  Per OFDM symbol  

Modulation  DBPSK , DQPSK in time  DBPSK, DQPSK,D8PSK in 

frequency  

  

 

4.2 Modulation Techniques  

When binary data is transmitted over a channel, the signal is modulated onto a carrier wave 

with fixed frequency limits, set by the particular channel. A variety of modulation schemes 

can be used in PLC. Some of these are Amplitude Shift Keying (ASK), Frequency Shift 

Keying (FSK).other modulation techniques depend on spreading the carrier frequency, it 

involves a combination of both modulation and multiplexing like Orthogonal Frequency 

Division Multiplexing (OFDM). OFDM has gained a significant presence in the wireless 

market place. The combination of high data capacity, high spectral efficiency, and its 

resilience to interference as a result of multi-path effects means that it is ideal for the high 

data applications that have become a major factor in today's communications scene. The 

most modulation used now in the power line communication industrial solution is the 

Differential Phase Shift Keying (DPSK), this is the best modulation technique when the 

receiver and the transmitter are not synchronized together, and Differential QPSK encodes 

data by producing a certain phase shift relative to the preceding symbol. By using the phase 

of the preceding symbol in this way, the demodulation circuitry analyses the phase of a 

symbol using a reference that is common to the receiver and the transmitter. 

4.2.1 Differential Binary Phase Shift Keying (DBPSK) 

The most straightforward type of PSK is called binary phase shift keying (BPSK), where 

“binary” refers to the use of two phase offsets (one for logic high, one for logic low). We 

only have 360° of phase to work with, so the maximum difference between the logic-high 

and logic-low phases is 180° as shown if Fig.4 .The modulation work to shift the bits of data 

using the same symbol clock frequency and same occupied bandwidth of the regulation 

frequency.  
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Fig.4: BPSK for logic Low 0 and logic 1 

4.2.2 Differential Quadrant Phase Shift Keying (DQPSK) 

QPSK is a modulation scheme that allows one symbol to transfer two bits of data using 

the same symbol clock frequency and therefore same occupied bandwidth. There are four 

possible two-bit numbers (00, 01, 10, 11), consequently, there are four phase offsets needed. 

So, the maximum separation between the phases is 90° as shown in Fig.5. 

  

 

Fig.5: QPSK phase shift possibilities. 

4.2.3 Higher-order DPSK 

Any number of phases may be used to construct a PSK constellation but 8-PSK is usually the 

highest order PSK constellation deployed. In addition, the use of more than 8 phases, the 

possibility of error-rate becomes too high. Fig.6 shows the constellation of different PSK 

modulation technique  
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Fig.6: Constellation of different types of PSK.  

 

4.2.4 Orthogonal Frequency Division Multiplexing (OFDM) 
 

OFDM is a frequency-division multiplexing (FDM) scheme utilized as a digital multi-

carrier modulation method. A large number of closely-spaced orthogonal sub-carriers are used 

to carry data. The data is divided into several parallel data streams or channels, one for each 

sub-carrier. Each subcarrier is modulated with a conventional modulation scheme (such as 

quadrature amplitude modulation or phase shift keying) at a low symbol rate, maintaining total 

data rates similar to conventional single-carrier modulation schemes in the same bandwidth 

.OFDM offers several advantages over other transmission technology such as high spectral 

efficiency, robustness to fading channel, immunity to impulse interference, capability of 

handling very strong multi-path fading and frequency selective fading without having to 

provide powerful channel equalization [22][23].Fig.7 shows the basic block diagram of 

OFDM.  

 

 
Fig.7: The basic model of PLC communication with OFDM system [23]. 
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4.3 Random Modulation Vs Deterministic modulation in the spectrum frame  

In standard PWM switching strategy with the programmed switching frequency, switching 

harmonics usually occur at fixed and well-defined frequencies and are thus named “discrete 

harmonics.” According to [18], [24] and [25], the concept of randomness into standard PWM 

strategy is to spread the harmonic power which exists at well-defined frequencies (discrete 

harmonics) over a wide range of frequencies so that no harmonic of significant magnitude 

exists. As a result, discrete harmonics are significantly reduced, and the harmonic power is 

spread over the spectrum as “noise” (continuous spectrum) of insignificant magnitude. 

The strategy of most randomized modulation is based on schemes in which successive 

randomizations of the switching pulse train (or of the periodic segments of this pulse train) are 

statistically independent and governed by invariant probabilistic rules [17],[24]–[26] 

Therefore, the randomized modulation strategy must enable precise control of the time-domain 

performance of randomized switching, in addition to spectral shaping in the frequency domain. 

Randomized modulation presented an inherent invariant deterministic and probabilistic 

structure.Fig.8 shows the frequency spectrum average detector, reading from EMI receiver for 

one Switched Mode Power supplies (SMPSs) using deterministic and random modulation, 

work with a switching frequency of 28 kHz. The reading was taken in in accordance with the 

EN 55022 standard. 

 
Fig.8: Frequency Spectrum of Deterministic and Random modulations 

5 Simulation Results  

This simulation is a preliminary version for the PLC communication. The simulation was 

implemented to emulate the sending of data between two PLC kites, one acts as a transmitter 

and the other as a receiver, the data was modulated using QPSK as shown in Fig.9.The purpose 

of the simulation is to show the effect of EMC source in the flowing of data in the PLC. The 

simulation sampling time is T=20e-6sec, the cable parameters was modelled as a pi-section 

model.  The model of the LISN is used to measure the common mode and differential mode 

spectrum as shown in Fig.10. 

 



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.1 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

14 

 
Fig.9: Simulation of PLC 

 
Fig.10: LISN Circuit.  

 

5.1 Simulation of the PLC without the presence of EMI Source 

The first scenario is to implement the simulation of PLC Sending of data using QPSK 

modulation without the presence of conduced EMI Source in the circuit, the data was up 

converted to a carrier frequency of 50 KHz.Fig.11 shows the common mode voltage spectrum 

measured from the spectrum analyser, it was noticed that the reading has a high peak at 50Khz 

which is the frequency of the communication. Also, in this case the data transmission error is 

almost zero, as there is no big noise effect on the data transmission as shown in Fig.12.  Fig.13 

shows the constellation of the received data using the QPSK, the data are concentrated at the 4 

phase angle as expected from the QPSK modulation.   
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Fig.11: the spectrum analyser reading of common mode voltage. 

 

 
Fig.12: Data Transmission error. 

 

 
Fig.13: the constellation of the received data using the QPSK. 

 

5.2 Simulation of the PLC with the presence of EMI Source 

The other scenario is considering the presence of EMI Source in the circuit and see the 

effect of the communication performance. The source of the EMI in this simulation is 2 fly 

back converters. Both work using deterministic modulation with a switching frequency of 20 
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kHz. They are connected to the circuit using controlled circuit breakers as shown in Fig.14. 

Consequently, the presence of the two converters in the circuit appears in the measured 

common mode voltage from the LISN in Fig.15, it was noticed the high spikes at the point of 

the switching frequency and its harmonics. Moreover, there is increase in the whole spectrum.  

    

 
Fig.14: Fly back converter circuit as a source of conducted EMI. 

 

 
 

Fig.15: The spectrum analyser reading of common mode voltage in the presence of fly back converters. 

 

The presence of the fly back converters a sources of conducted EMI cause the division of 

the points in the QPSK constellation diagram as shown Fig.16.    
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Fig.16: QPSK constellation diagram in the presence of fly back converters. 

6 Practical Experiment Results 

The practical test results is not exactly the same like the simulation as the practical PLC 

Kites work using ODFM Modulation, but we are in progress to finish the simulation to confirm 

the practical results.  

6.1 Hardware Setup of the system 

The system work using two Texas instrument PLC Kites, they are connected to the same PC 

as shown in Fig.17, both kits are configured to work on the PRIME mode which works in the 

frequency range CENELEC-A standard. This setup requires 2 PCs, and 2 null modem or USB 

cables. The default setting for the Zero Configuration is to use the USB cables. If the host PC 

can be configured to use two serial ports or two USB ports, then the demo setup can be 

demonstrated on a single PC  

The purpose of the test is to be familiar with the PLC Technology and know the performance 

of system in the presence of conducted electromagnetic Interference (EMI) Source. The test 

was performed with different scenarios using two Texas instrument TI G3-PRIME Power Line 

Communication Developer's Kit, model number TMDSPLCKITV4-CEN. the PLC 

development kite can be used to demonstrate point-to-point or point-to-multipoint 

communication over a power line. This is to be used with the Zero Configuration GUI or the 

PLC Quality Monitor GUI tools to test PHY and MAC operations, and to send data between 

the two boards over the power line media. 

The communication was established using a cable of 42m length, divided into 5 sockets ever 

10m to study the effect of the distance in the PLC status. The Line Impedance Stabilization 

Network (LISN) was used to isolate the conducted EMI noise coming from the grid and is 

connected to the receiving terminal of the cable. Two Switched Mode Power supplies (SMPSs) 

are used as a source of conducted EMI on the circuit, they work on 28 kHz switching frequency. 

The converters were modified to work using both deterministic and random modulation, Fig.18 

Shows the used SMPS as an EMI Source.  

https://www.mouser.com/ProductDetail/Texas-Instruments/TMDSPLCKITV4-CEN?qs=m1T3c8F5IULgKkJH6dOXKg%3D%3D
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Fig.17: PLC Kits. 

 
Fig.18: The used SMPS as EMI Source. 

  

Fig.19 shows the connection diagram for the hardware setup, place of converters changes 

according to the needed scenario respectively. 

 

 
Fig.19: Connection diagram of the system. 
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6.2 Test without EMI Source  

Fig.20 shows the follow of data in Time domain using DBPSK after decoding of the signal 

from the carrier signal using band pass filter in the given TI PLC KIT. The data is measured 

using Oscilloscope probe connected to the output of the band pass filter in point A and B as 

shown in Fig.21 

 

Fig.20: Flowing of Data in DBPSK  

 

Fig.21: Bandpass filter Points of measurement.  

Fig.22 shows the follow of data in Time domain using DQPSK after decoding of the signal 

from the carrier signal using band pass filter in the given TI PLC KIT. 

 
Fig.22: Fig.20: Flowing of Data in DQPSK.  

A B 
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Fig.23 shows the follow of data in Time domain using D8PSK after decoding of the 

signal from the carrier signal using band pass filter in the given TI PLC KIT. 

 
Fig.23: Fig.20: Flowing of Data in D8PSK. 

Fig.24 shows the frequency spectrum of the PLC communication without connecting any 

source of conducted EMI noise, it was noticed that the frequency range is between 42 and 90.6 

kHz which is the frequency used by the PRIME industrial solution respectively.  

 
 

Fig.24: Frequency spectrum for the PLC using PRIME. 

 

6.3 Test with EMI Source  

The study was done on 1373 data packages; each package is 50bit frame of data. In the 

normal case, the average waiting time between each package and the other is 0.4sec, the used 

modulation for transferring of the PLC signal is Deferential Binary Phase Shift Keying 

(DBPSK). 
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1)  Deterministic Vs Random Modulation 

 

The first scenario is connecting the two converters at the sending point (0m from the sending 

PLC), both converters work on a output voltage of 12V and current of 1A. Fig.25 shows the 

difference between the frequency spectrum of the two converters connected together at the 

stated operating points in case of deterministic and random modulation, the results shows that 

spreading the frequency in case of random modulation has a greater influence on the data 

transition rate than the deterministic modulation as the amplitude of the hall frequency 

spectrum increase, this is confirmed in Fig.26.  Fig.26 shows the box and whisker plot for the 

data transition packages in case of deterministic and random modulation, the mean value of the 

waiting time in case of deterministic modulation is 0.7121 sec, while for random modulation, 

it is 0.836sec, this means that the deterministic modulation shows less effect on the data 

transition flow rate. However, the median value is almost the same in all cases, it is equal to 

0.4 sec.   

 

2) Distance influence 

The second scenario is changing the place of the EMI Source. Fig.27 shows the box and 

whisker plot for the data transition of 1373 package in case of connecting 2 converters using 

Deterministic modulation at different distance from the sending terminal, it was noticed that 

the EMI source has the maximum effect on data transition rate when the two converters are 

connected at the terminal ends, as in those cases the EMI source is connected directly at the 

same points of the sending and receiving PLC Kites, the mean value of the waiting time in 

sending and receiving terminal reach 0.712sec and 0.55sec. On the other hand, as we go far 

from the terminals, the effect of the EMI on the PLC performance decreases, the minimum 

effect of EMI source appears on the middle of the cable, at 20m from the sending terminal and 

22m from the receiving terminal, the mean value of the waiting time in for each package, in 

this case, is 0.401sec. 

 
Fig.25: Frequency spectrum of two SMPSs in case of deterministic and random modulations. 
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Fig.26: Box and whisker plot for Normal case, Deterministic and random modulation cases at 0m. 

 
Fig.27: Box and whisker plot in case of 2 converters using Deterministic modulation and in different distance 

from the sending end. 
 

Fig.28 shows the effect of using the random modulation in converters on the PLC 

performance at different distances at the same number of packages and bit frame, the same 

performance was noticed as in Deterministic modulation, as the EMI source is closer to the 

terminals, the greater the effect on the data transition rate. As shown in Fig.28, Random 

modulation has a greater effect on the data transition rate than the deterministic modulation, 

the mean value of the waiting time between each package reach 0.8326sec at 0m and 0.75 sec 

at 42m, this is due to the concept of randomness which based on is spreading the harmonic 

power over a wide range of frequencies, so that no harmonic of significant magnitude exists. 

However, it causes increase on the amplitude of whole spectrum, respectively, causing higher 

effect on the PLC signal, especially, when the PLC signal and the converters switching 
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frequency and its harmonics lays between the same frequency range as shown in Fig.24, the 

effect changes according to the switching frequency and its harmonics. 

Fig.29 shows the average bps in case of connecting of two converters in different distance 

from the sending terminal, with deterministic and random modulation. The curves show that 

the maximum average bps is in the middle for both deterministic and random modulation, it 

reaches 992bps in case of deterministic modulation and 725 bps in case of random modulation, 

the minimum values were in the terminals. On other hands, the ratio between the average bps 

for deterministic and random modulation in all points is almost equal to1.4, this means that in 

case of smart meter systems, the number of the meters connected to the data concentrator 

should be decreased by a factor of 0.7. 

As a result, the probability of data transition errors will be maximum at the terminals and 

reach its minimum at the center for both deterministic and random modulations as shown in 

Fig.30.In case of deterministic modulation, the probability of error reach 19.88% and 15% in 

case of connecting the converters directly to the sending and receiving ends, however, it 

reaches 7.5% in the center. Also, in case of random modulation, the probability of error reach 

34.1% and 31.1% in case of connecting the converters directly to the sending and receiving 

ends, however, it reaches 21.4% in the center. 

Fig.31 shows the Total waiting time for sending all the packages in case of connecting of 

two converters in different distance from the sending terminal, with deterministic and random 

modulation, it is opposite to the average bps curves. 

 
Fig.28: Box and whisker plot in case of 2 converters using Random modulation and in different distance from 

the sending end. 
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Fig.29: Average bps in case of Deterministic and Random modulation. 

 
Fig.30: The Probability of receiving packages at the expected time in the case of deterministic and random 

modulation. 

 

 
Fig.31: Total waiting time in case of Deterministic and Random modulation. 
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7 Conclusion 

 

This report focuses on studying and simulation of the PLC operation in two cases, the case 

in which there is no external source of conducted EMI, the other case is the presence of fly 

back converters as source of conducted EMI in the circuit. 

The preliminary simulation of the PLC operation using QPSK shows the effect of the 

presence of the fly back converter on the data transmission error and on the constellation 

results. Also, it was noticed the different in the frequency spectrum in both cases. Now, we are 

working on simulating different types of modulation techniques (BPSK, 8PSK, 

.etc.).Furthermore, the simulation of OFDM modulation with PRIME industrial PLC solution, 

to be similar to that used in the practical tests experiments. 

 

The practical test introduce the influence of SMPS as the source of conducted EMI on the 

PLC communication signal from different aspects. A comparison between the effect of the 

deterministic and random modulation is presented. When compared with deterministic 

switching strategies (“programmed switching”), the effect of randomization generates a 

reduction of the discrete spectrum and introduction of a continuous spectrum. Therefore, we 

can assume that the main benefit from randomized switching strategies is better utilization of 

the available harmonic content of waveforms at the power supply/equipment interface. 

Consequently, the deterministic modulation has less effect in PLC signal than the random 

modulation at 28 kHz switching frequency of the converters, but not in all cases, only at this 

switching frequency, the effect change according to the switching frequency and its harmonics. 

On the other hand, the distance between the source of the EMI and the sending or the 

receiving devices plays an important role. As this situation of switching frequency and 

operating conditions, the highest probability of data transition error appears when the source 

of the EMI is connected directly to the sending and the receiving devices, in both random and 

deterministic modulation. The lowest probability of data transition error appears in the middle. 

 

The investigations of such effect on the PLC communication open the gate for a lot of 

discussions in the future, such as studying the effect of changing the switching frequency of 

the converter on the results. Also, studying the effect of changing the way of PLC data 

modulation (DBPSK, DQPSK, and D8PSK) on the results. Moreover, trying different types of 

converters and loads which may give interesting results.  

 

References  

[1] C. Cano, A. Pittolo, D. Malone, L. Lampe, A. M. Tonello, and A. Dabak, “State-of-

the-art in Power Line Communications : from the Applications to the Medium,” IEEE 

J. Sel. Areas Commun., vol. 8716, no. c, pp. 1–19, 2016. 

[2] Y. Lai, S. Member, and Y. Chang, “Novel Random-Switching PWM Technique With 

Constant Sampling Frequency and Constant Inductor Average Current for Digitally 

Controlled Converter,” IEEE Trans. Ind. Electron., vol. 60, no. 8, pp. 3126–3135, 

2013. 

[3] M. H. Hedayati, S. Member, V. John, and S. Member, “Filter Configuration and PWM 

Method For Single Phase Inverters with Reduced Conducted EMI Noise,” IEEE Trans. 

Ind. Appl., vol. 51, no. 4, pp. 3236–3243, 2014. 

[4] G. Krishnan, “A Neoteric Method Based on PWM ON PWM Scheme with Buck 

Converter for Torque Ripple Minimization in BLDC Drive,” in International 

Conference on Magnetics, Machines & Drives (AICERA-2014 iCMMD) A, 2014, no. 

1, pp. 1–6. 

[5] S. K. Sahoo, A. Ramulu, S. Batta, and S. Duggal, “Performance Analysis and 



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.1 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

26 

Simulation of Th ree Phase Voltage Source Inverter using basic PWM Techniques,” in 

Th ird International Conference on Sustainable Energy and Intelligent System (seiscon 

2012), 2012, pp. 1–7. 

[6] S. K. Vlfv et al., “Voltage source multilevel inverter voltage quality comparison under 

multicarrier sinusoidal PWM and space vector PWM of two delta voltages,” in 

International Multi-Conference on Engineering, Computer and Information Sciences 

(SIBIRCON), 2017, pp. 439–444. 

[7] F. Lin and D. Y. Chen, “Reduction of Power Supply EM1 Emission by Switching 

Frequency Modulation,” IEEE Trans. Power Electron., vol. 9, no. 1, pp. 132–137, 

1993. 

[8] J. Michel, C. Neron, and R. Luciolcs, “A Frequency Modulated,” in Twelfth Annual 

IEEE International ASIC/SOC Conference, 1999, pp. 362–365. 

[9] Z. Shen, S. Member, D. Jiang, S. Member, T. Zou, and S. Member, “Dual-Segment 

Three-phase PMSM with Dual Inverters for Leakage Current and Common-mode EMI 

Reduction,” IEEE Trans. Power Electron., vol. PP, no. c, p. 1, 2018. 

[10] H. S. A, H. Kobayashi, T. Suzuki, and T. Iijima, “Spread-Spectrum Clocking in 

Switching Regulators to Reduce EM1,” in Proceedings. IEEE Asia-Pacific Conference 

on ASIC, 2002, pp. 141–144. 

[11] K. K. Tse, R. W. Ng, H. S. Chung, and S. Y. R. Hui, “An Evaluation of the Spectral 

Characteristics of Switching Converters With Chaotic Carrier-Frequency Modulation,” 

IEEE Trans. Ind. Electron., vol. 50, no. 1, pp. 171–182, 2003. 

[12] H. Guo, Z. Li, and B. Zhang, “Yrs,” in 2009 International Conference on 

Communications, Circuits and Systems, 2009, pp. 693–696. 

[13] T. P. Inverters, C. K. Lee, S. Y. R. Hui, S. Member, H. S. Chung, and Y. Shrivastava, 

“A Randomized Voltage Vector Switching Scheme for,” IEEE Trans. POWER 

Electron., vol. 17, no. 1, pp. 94–100, 2002. 

[14] H. Lev-ari, S. Member, and A. M. Stankovic, “Randomized Modulation in Power 

Electronic Converters,” vol. 90, no. 5, 2002. 

[15] K. Hardin, R. A. Oglesbee, and F. Fisher, “Investigation Into the Interference Potential 

of Spread-Spectrum Clock Generation to Broadband Digital Communications,” IEEE 

Trans. Electromagn. Compat., vol. 45, no. 1, pp. 10–21, 2003. 

[16] K. K. Tse, H. S.-H. Chung, and H. C. So, “Analysis and Spectral Characteristics of a 

Spread-Spectrum Technique for Conducted EMI Suppression,” IEEE Trans. POWER 

Electron., vol. 15, no. 2, pp. 399–410, 2000. 

[17] K. B. Hardin, J. T. Fessler, and D. R. Bush, “Spread Spectrum Clock Generation for 

the Reduction of Radiated Emissions,” in Proceedings of IEEE Symposium on 

Electromagnetic Compatibility, 1994, pp. 227–231. 

[18] J. Bojarski, R. Smolenski, P. Lezynski, and Z. Sadowski, “Diophantine equation based 

model of data transmission errors caused by interference generated by DC-DC 

converters with deterministic modulation,” Bull. POLISH Acad. Sci. Tech. Sci., vol. 

64, no. 3, pp. 575–580, 2016. 

[19] R. Smolenski, J. Bojarski, A. Kempski, and P. Lezynski, “Time-Domain-Based 

Assessment of Data Transmission Error Probability in Smart Grids With 

Electromagnetic Interference,” IEEE Trans. Ind. Electron., vol. 61, no. 4, pp. 1882–

1890, 2014. 

[20] R. D. S. Augusto, “Simulation of Powerline Communication ( PLC ) for Smart Grids 

in OMNeT ++,” in 2011 IEEE International Symposium on Power Line 

Communications and Its Applications, 2011, pp. 1–9. 

[21] M. Hoch, “Comparison of PLC G3 and PRIME,” in 2011 IEEE International 

Symposium on Power Line Communications and Its Applications, ISPLC 2011, 2011, 



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.1 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

27 

pp. 165–169. 

[22] A. Marwanto, M. A. Sarijari, N. Fisal, S. K. S. Yusof, and R. A. Rashid, 

“Experimental study of OFDM implementation utilizing GNU radio and USRP - 

SDR,” in 2009 IEEE 9th Malaysia International Conference on Communications with 

a Special Workshop on Digital TV Contents, 2009, no. January, pp. 132–135. 

[23] P. Mlynek, M. Koutny, and J. Misurec, “OFDM model for power line 

communication,” in International Conference on Communications and Information 

Technology - Proceedings, 2010, pp. 161–164. 

[24] V. Adrian, J. S. Chang, B. Gwee, and S. Tedjaseputro, “Spectral Analysis of 

Randomized Switching Frequency Modulation Scheme with a Triangular Distribution 

for DC-DC Converters,” in 2009 International Conference on Computing, Engineering 

and Information, 2009, pp. 0–3. 

[25] K. Cui, V. Adrian, Y. Sun, B. Gwee, and J. S. Chang, “A Low-Harmonics Low-Noise 

Randomized Modulation Scheme for Multi-Phase DC-DC Converters,” in 15th IEEE 

International New Circuits and Systems Conference (NEWCAS), 2017, pp. 165–168. 

[26] S. D. Converters, K. Cui, V. Adrian, B. Gwee, S. Member, and J. S. Chang, “A Noise-

Shaped Randomized Modulation for,” IEEE Trans. CIRCUITS Syst. Regul. Pap., pp. 

1–12, 2017. 

 

  



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.1 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

28 

 

 

 

Part B 
  



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.1 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

29 

Table of Contents – Part B 

1 Document Information ................................................................................................... 30 

2 Introduction ..................................................................................................................... 31 

3 Power Electronic Interface, EMI noise, and Switch Control Strategies ...................... 32 

3.1 Losses ...................................................................................................................................35 

3.2 Harmonics ...........................................................................................................................37 

3.3 Electromagnetic Interference ............................................................................................38 
3.3.1 EMI Coupling.................................................................................................................................38 
3.3.2 EMI Noise Suppression..................................................................................................................39 
3.3.3 Consideration of EMI from PEI .....................................................................................................43 

3.4 Buck-Converter with continuous conduction mode (CCM) ..........................................45 
3.4.1 Inductor ..........................................................................................................................................46 
3.4.2 Capacitor ........................................................................................................................................48 
3.4.3 Operating steps: CCM and Deterministic Modulation...................................................................50 

3.5 Switch Control Strategies ..................................................................................................53 
3.5.1 Switch Modulation Strategies ........................................................................................................54 
3.5.2 Deterministic Modulation ..............................................................................................................55 
3.5.3 Random Modulation.......................................................................................................................58 
3.5.4 Sigma-Delta Modulation ................................................................................................................60 
3.5.5 EMC Considerations ......................................................................................................................62 
3.5.6 Additional Research on Modulation Based on Markov Chains .....................................................64 

4 Conclusion ....................................................................................................................... 67 

5 Future research ............................................................................................................... 68 

6 Bibliographic references ................................................................................................. 70 

 

  



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.1 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

30 

1 Document Information 

 

Deliverable number D5.1 

Deliverable title Simulation and measurement results of 

simple devices 

Date due August 30, 2019 

Actual submission date August 30, 2019 

  

Work Package Number and title WP5 – Behavioural modelling and 

simulation (M/S) of connected devices 

Lead partner UZ 

Participating beneficiaries All 

  

Authors Hermes José Loschi, Robert Smoleński 

Reviewers M. Raaben 

Dissemination level Public 

Nature Report 

Draft / final Final 

No. of pages including cover 44 

 

 

  



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.1 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

31 

2 Introduction 

The core proposal of this report is a broad review on Power Electronic Interface (PEI); it was 

based on the Power Electronics Devices definition (Power and Electronic circuit) to a 

comprehension of Losses, Harmonics and Electromagnetic Interface (EMI) from this device 

and their applications. For the other hand, the control strategies that can be implemented on the 

controller (Electronic circuit) also was review with a focus on the EMI noise shape issues. 

On the report first part, from section 5.1 to 5.4, is shown a brief concept of PEI and their 

possible applications, and despite this, the autocorrelation of the Losses, Harmonics, and EMI 

noise concepts is also demonstrated with mitigation techniques, for the most cases related to 

the “good engineering practice.” However, the trend-off between Losses, Harmonics, and EMI 

noise it was showed with their significant sources of EMI. Moreover, an in-depth investigation 

of Buck-Converter operation mode is shown. 

The report second part, covered by section 5.5, is shown a brief concept of control strategies 

with a focus on modulation approaches that is the primary aspect to understand the profile of 

the waveform from Power Electronic Devices. The two most popular methods were deep 

reviewed; the deterministic pulse width modulation (PWM), and randomized modulation. 

Also, the concept of stationary randomized modulation, based on Markov Chains and Sigma-

Delta Modulation (SDM) were reviewed. 

Both report parts present on kind of “final consideration.” The first is in section 5.3.3. In this 

section, we highlight that there are ways to EMI noise attenuate by the “good engineering 

practice.” These practices include the use of EMI filters; Chokes, Good layout design can 

reduce parasitic elements, stray inductances, and capacitances, proper connection to the supply 

and gourd line, and others mitigation techniques for conducted EMI noise.  

In section 5.5.5, we highlight the main benefit from randomized switching strategies is the 

better utilization of the available harmonic content of waveforms at the power 

supply/equipment interface. When compared with deterministic switching strategies, the effect 

of randomization generates a reduction of the discrete EMI noise spectrum and introduction of 

a continuous EMI noise spectrum. Also, we highlight that randomized modulation schemes 

based on Markov chains are not more difficult to implement than the schemes reported in the 

literature for stationary randomized modulation. On the other hand, the SDM strategies are also 

used to attenuate the discrete EMI noise spectrum. However, even to create spectral nulls at 

specified frequencies, based on a feedback control circuit that measure, amplify, and digitizes 

the difference between the output voltage of the converter and the reference voltage, to generate 

the control signal for the power transistor driver.  

Finally, section 6 present conclusion, where it becomes evident that the choice of better EMI 

noise shape, considering PEI requirements and Electromagnetic (EM) environment can be 

done, also taking into account the switch modulation strategies to improve the Electromagnetic 

Compatibility (EMC) compliance. Section 7 presents future research. 
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3 Power Electronic Interface, EMI noise, and Switch Control Strategies 

Distributed energy (DE) technologies require specific power electronics (PE) capabilities to 

convert the power generated into useful power. There are three major issues in designing a PE 

system: Losses, EMI, and Harmonics. Although PE is an integral part of most of the DE 

technologies and can provide significant benefits [1], they can be very costly, and this issue 

affects the size, efficiency, and quality directly. Another convention attributed to the PE is the 

function of the interface between source and load, suppliers and customers, etc. Therefore, the 

PEI, i.e., on the smart grid must accept power from the supply grid and converts it to Power at 

the required voltage and frequency to the load or another grid. 

According to the [2], [3], Power supply grid that generates AC output, often with variable 

frequencies, such Wind, Microturbine, IC engine or Flywheel storage need AC-DC converters. 

For DC output systems like PV, fuel cells, or batteries, a DC-DC converter is typically required 

to change the DC voltage level. The DC-AC inverter is the most used for all the DE systems 

and converts a DC source to grid-compatible AC power.  

In Smart grid, PEIs can be applied as interfaces in general to [4]: 

• Matching parameters and coupling of DE sources with power lines or local end-users; 

• Matching parameters and coupling of the energy storage with power lines, and 

controlling the exchange of energy between storage systems and power lines; 

• Improving the quality of the power supply and flow, among other things: compensation 

of sags and swells, asymmetry and distortions of supply voltage, as well as 

compensation for distortion, asymmetric and phase shift in load current. 

The Fig.1 shows that the concept of PEI can be split into a Power circuit (responsible for 

converting an unregulated power from AC or DC type to a regulated AC or DC voltage and 

frequency) and a Controller (Electronic circuit, that as the task to control the Power circuit 

through the Input and output voltages and/or currents and to provide control signals). 

 
Figure 1. Concept of Power electronics interface. 

Considering that the PEI can be applied as an interface for a lot of DE technology's components 

and that the flow of electric energy is controlled based on load demand, line and EMI filters 

are essential sections of systems, as shown in Fig. 1. Also, the input filter is recommended by 
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inverter produces to reduce leakage currents and the higher harmonic contents in phase 

currents.  

According to [5] substantial concentration of the PEI on a relatively small area with other 

telecommunications, telematics and automation systems has exacerbated problems with the 

assurance of the EMC, which brings us to investigate more the EMI issues in PEI. By their 

inherent design characteristics, PEI with their switching power supplies generate EMI 

composed of signals of multiple frequencies. I.e., DC-AC provides AC voltage by stepped up 

or down via a transformer. AC-DC provides DC voltage with high-frequency circuits. 

However, the internal AC voltage, in both cases, is not a pure sine wave but generally a square 

wave which traditionally is represented by a Fourier series. The Fourier series is an algebraic 

sum of many sine waves with harmonically-related frequencies.  

In PEI, these multiple-frequency signals are the primary source of conducted and radiated 

emissions, which generate interference to the equipment in which the switching power supply 

is installed and to nearby equipment which may be susceptible to these frequencies. Beyond 

the different types of DC-DC converters (Buck, Boost and Buck-boost converters), Rectifiers 

with waveform filters and inverters with different techniques of control of switching 

modulation, when we are analyzing the PEI, in general, circuit elements in a most electrical 

circuit are resistors, capacitors, magnetic elements, and transistors. It`s important to note that 

in an electric circuit, energy is stored in two fields:  

• Electric fields (create by charges or variable magnetic fields and related to a voltage 

difference between two points in the space);  

• Magnetic fields (create by magnetic dipoles or electric currents). 

In the electronic circuit, the efficiency is not the primary concern; therefore, the circuit 

elements consist of resistors, capacitors, and transistors. According to [6], It is challenging to 

include magnetic elements into integrated circuits as they are large (in size) compared to 

capacitors and resistors. The transistors may operate in the linear or switched mode as they 

transfer low power signals. For the other hand, the power circuit consists of capacitors, 

magnetic elements, and transistors in switched-mode. Resistors and power switches in linear 

mode are not used in most power circuits due to significant losses generated by current through 

these components which decrease the efficiency and cause thermal problems. Fig 2 presents 

the Illustration of application areas of classical discrete power semiconductor. 

As shown in Fig. 2, metal oxide semiconductor field-effect transistors (MOSFET) are used 

high-frequency applications up to 1 MHz but at low power, around 10kW. Insulated gate 

bipolar transistors (IGBT) are also operated at lower switching frequencies but higher power, 

up to 1MW. SCRs (Silicon Controlled Rectifier) and GTOs (Gate Turn-Off Thyristor) are 

mainly used for high-power applications up to 100MW. For medium-power applications such 

as uninterruptible power supply (UPS), automotive, and robots, IGBT or MOSFET power 

modules, can be constructed with series and parallel connection of power devices inside a 

package.  
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Despite these classical discrete power semiconductors coverage all conducted EMI range from 

9 kHz to 30 MHz, it’s important to note that the classic silicon (𝑆𝑖) power components have 

reached their theoretical physical limitations, especially in terms of and temperature [7], [8]. 

The wide band-gap (WBG) semiconductors such as the Gallium Nitride (GaN), the Silicon 

Carbide (SiC), and the Diamond are excellent candidates to replace the 𝑆𝑖-based counterparts 

in the coming years. The physical processes accompanying transistor switching are relatively 

well investigated [9]-[14]. Such analyses are conducted to optimize the development of control 

circuits and to decrease switching losses [15].  

 
Figure 2 - Illustration of application areas of classical discrete power semiconductors 

Advances in semiconductor technologies [6], integration of power electronics on modules 

(IPEM) [2], brought fast power switches in the market to increase efficiency and power density 

of systems. From the EMC point of view it is especially important to understand the dynamic 

characteristics of the switches in typical configurations of PEI and distinguish the factors that 

have an influence on the shape and rate of change of the output waveforms (high ripple on 

output voltage or current during switching actions on time and frequency) [15]. However, this 

is one of all possible EMI mitigation techniques, according to Fig.3. 

 
 

Figure 3 - Two major classes of strategies to reduce the undesired harmonic of the EM noise-spectrum 
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Therefore, the next discussions of this section will consider as an assumption that the 

integration of Power and electronic circuits remains a significant challenge, manly considering 

the Losses, Harmonics and, EMI. Also, on modeling and simulation of Buck-converter, it will 

be present in the context of EMI, considering their operation steps for continuous conduction 

mode (CCM) with deterministic modulation. 

3.1 Losses 

The most common losses in PEI are attributed to the switch actions. When a switch is in a 

transient or turned on or off, the energy is lost. This switching loss of the power switch depends 

on the voltage across the switch, the current through the switch and the switching time. 

Another situation is called conduction loss of the switch. In the operational point off, leakage 

current through the switch with a minimal energy loss is ignored. However, when the functional 

point is on, this energy loss depends on the current through the switch and a forward voltage 

of the switch [6]. These power loss in a switch over one switching cycle can be express by the 

expression (1) which consists of the conduction and switching losses: 

�̅�𝑙𝑜𝑠𝑠 =
1

𝑇𝑠𝑤
∫ 𝑖𝑠𝑣𝑠𝑑𝑡

𝑇𝑤

0

= �̅�𝑐𝑜𝑛𝑑 + �̅�𝑠𝑤 

 

(1) 

Considering that the on and off switching times are small compared to the switching cycle, 

𝑇𝑠𝑤, and leakage current is negligible, 𝐼𝑜𝑓𝑓 = 0, thus, conduction loss is given by (2): 

�̅�𝑐𝑜𝑛𝑑 = 𝑉𝑜𝑛 × 𝐼𝑜𝑛 × 𝐷 

                                                     𝐷 =
𝑡𝑜𝑛

𝑇𝑠𝑤
  

 

 

(2) 

where 𝑡𝑜𝑛, is the time when the switch is in on-state, 𝑉𝑜𝑛, is a voltage drop across the switch, 

𝐼𝑜𝑛, is current through the switch, assuming, it is constant in magnitude and, 𝐷, is a duty cycle.  

Also, based on instantaneous current and voltage waveforms, the switching loss should be 

calculated, as shown in expression (3): 

�̅�𝑠𝑤 = 𝑓𝑠𝑤 (∫ 𝑖𝑠𝑣𝑠𝑑𝑡
𝑡1+𝑡𝑠𝑤_𝑜𝑛

𝑡1

+ ∫ 𝑖𝑠𝑣𝑠𝑑𝑡
𝑡2+𝑡𝑠𝑤_𝑜𝑓𝑓

𝑡2

) 

 

(3) 

where, 𝑡1, and, 𝑡2, are the times when gate signals are applied to turn on and off the switch, 

respectively; 𝑡𝑠𝑤_𝑜𝑛, and, 𝑡𝑠𝑤_𝑜𝑓𝑓, are turn-on and turn-off switching times. This equation 

shows that the switching loss is proportional to the switching frequency, 𝑓𝑠𝑤. Thus, increasing 

the switching frequency increases the switching losses. 

Due to interconnections between the Power circuit elements via wire, conductor plates, or any 

other types of conductors in PEI, there are stray inductances and capacitances. According to 

[6]-[19], when a power switch is turned on and off, stray inductance associated with a current 
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loop is charged and discharged. It`s important to note that the energy stored in the inductor 

depends on the current magnitude and inductance value, as shown in the expression (4).  

𝐸𝐿 =
𝐿𝑠 × 𝑖2

2
 

 

(4) 

Whenever the switch is turned on and off, energy is lost through this inductor, which affects 

the total energy loss and efficiency. It may also create significant overvoltage during switching 

transitions due to the high rate of current change, as shown in the expression (5). High, 
𝑑𝑖𝐿

𝑑𝑡
 , 

create a critical overvoltage in power converters due to the stray inductance of current loops.   

𝑉𝑜𝑣𝑒𝑟 = 𝐿𝑠 ×
𝑑𝑖

𝑑𝑡
 

 

(5) 

According to [6]-[19] due to capacitive couplings in Power circuit elements, we may charge 

and discharge these capacitors when power switches are switched on and off. The energy stored 

in the capacitor depends on the voltage magnitude and capacitance value, as shown in the 

expression (6). 

𝐸𝐶 =
𝐶𝑠 × 𝑣2

2
 

 

(6) 

It may also create significant pulse current when the switch is turned on, and the capacitor is 

discharged through the switch, as shown in the expression (7). High,  
𝑑𝑣𝐶

𝑑𝑡
 , create a critical 

leakage current in magnetic elements and electric motors due to stray capacitive coupling 

between windings and a frame. 

𝑖𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = 𝐶𝑠 ×
𝑑𝑣

𝑑𝑡
 

 

(7) 

In a PEI, there are other circuits such as gate drives, controllers, sensors, and passive filters 

which consume power. The total losses in a PEI are the sum of all losses, and the efficiency 

can be calculated based on input power and total losses as given by expression (8): 

𝜂 =
�̅�𝑜𝑢𝑡

�̅�𝑖𝑛

=
�̅�𝑖𝑛 − �̅�𝑙𝑜𝑠𝑠

�̅�𝑖𝑛

= 1 −
�̅�𝑙𝑜𝑠𝑠

�̅�𝑖𝑛

 

 

(8) 

According to the above equations, and [6]-[20] decreasing the switching frequency reduces the 

losses but increases voltage and current ripples. To improve the quality of the output voltage, 

we may need a better filter with large capacitor and inductor, which increases the cost and 

weight of the system. 

Also, in a Power circuit, increasing losses decrease the efficiency of the system and increases 

the junction temperature of power switches, which may damage them if heat is not transferred 

to ambient. Thus, the system may need a heat sink to transfer heat from the junction into 

ambient, which increases the cost, size, and weight of the PEI. 
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For the other hand, the central part of total losses is the switching loss, which depends on 

switching times and switching frequency. However, the switching loss can be reduced by 

decreasing the switching time, but fast switching increases and, which affects EMI noise. 

Therefore, the trend-off between losses, harmonics, and EMI noise, remains a significant 

challenge, especially in the context of Smart-Grid.  

3.2 Harmonics 

The frequency range is the range around the power network frequency, where we have all the 

loads connected. However, the major problem in this interface is that some loads draw a current 

that does not follow the sinusoidal voltage; these loads are named as non-linear loads. 

Additionally, non-linear loads have the characteristics of generating additional currents with 

frequencies that are integer multiples of the supply frequency. These currents are called 

harmonics and are considered up to 40th or 50th order, i.e., if our first frequency range starts 

at 50Hz and ends at 2 kHz or 2.5 kHz. For 60 Hz ends at 2.4 kHz or 3 kHz [6]-[21]. 

This major harmonic pollution problem can be divided into two categories: those caused by 

the harmonic currents themselves and those caused by voltage waveform distortion resulting 

from the harmonic currents flowing in a finite supply source impedance [6]-[21]: 

• Harmonics currents can cause overheating in the local supply distribution transformer 

and Power factor correction capacitors, if it is inadequately rated, or if it is rated on the 

assumption of low harmonic levels. Also, in the neutral conductors of three-phase 

supplies, harmonics currents present reliability and safety risks, where neutral 

conductors have not been suitably dimensioned [6]-[21]. 

• The non-sinusoidal current drawn from the supply causes distortion of the supply 

voltage since the inductance of the supply increases the source impedance as the 

harmonic order rises. This waveform distortion can cause severe effects in direct-on-

line induction motors, ranging from a minor increase in internal temperature through 

excessive noise and vibration [6]-[21]. 

In PEI according to showed in Fig.1 an input voltage or current “the first form of electrical 

energy” is chopped based on a modulation's strategy of the control signal which generates the 

desired output voltage and current waveform “the second form of electrical energy.” The output 

voltage and current have harmonics around switching frequency, and a low pass filter reduces 

these harmonics.  

Typically, DC-DC converters with a switching frequency of 75 kHz or more are broadly used 

to increase power density and reduce low pass filter size. However, this approach creates a 

significant impact on EMI as the second sideband of the harmonic contents will be at the 

frequency of 150 kHz or above. In this context, the modulations strategies to spread the spectral 

content of the signal, and generate a reduction of the discrete spectrum with the introduction 

of a continuous spectrum can be useful. 

Therefore, it`s a convention to affirm that in PEI, switching frequency and EMI passive filters 

have an essential role in reducing the harmonic magnitude on both sides, input, and output. 
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Also, it`s important to note that increasing the switching frequency decreases the output ripple 

magnitude (this can reduce the size of low pass filter) but increase the switching losses. 

3.3 Electromagnetic Interference 

First, we can classify the EMI noise as continuous interference. This continuous interference 

occurs when the source emits an uninterrupted, unintended, and unwanted noise signal 

composed of the fundamental frequency and associated harmonics. Also, continuous 

interference can be subdivided by frequency band.  

EMC standards, traditionally cover a range from 0 Hz to 400 GHz. Frequencies from a minimal 

measure of Hz up to 20 kHz can be classified as audio. Sources of audio interference include 

power supply, wiring, substations, transmission lines, audio power amplifiers and 

loudspeakers, and demodulation of high-frequency carrier waves.  

In a frequency band above 9 kHz, we have the occurrence of Radio Frequency Interference 

(RFI). Sources of RFI include wireless sensor networks, radio frequency transmissions, 

broadcasting systems, industrial, scientific and medical equipment, and high-frequency circuit 

signals such as microprocessors, microcontrollers, and other high-speed digital equipment. 

Additionally, the broadband noise consists of signals of multiple frequencies, and these signals 

can be spread across parts of both frequency ranges [6]-[23]. 

For the other hand, when one source emits a short duration pulse of energy rather than a 

continuous signal, we defined as a transient EMI. Sources of transient EMI include inductive 

loads such as relays, solenoids and electric motors. Electrostatic discharge (ESD) is also 

another source of EMI and includes manly lightning, and Power line surges. It is important to 

note that consecutive transient EMI may be caused by electric motors and frequent digital 

scheme switching. 

3.3.1 EMI Coupling 

The coupling can occur through conduction via an unwanted path (a so-called “sneak circuit”), 

through induction (as in a transformer), and radiated or through-the-air coupling [23]. 

3.3.1.1 EMI Conducted 

Conducted coupling occurs when the coupling path between the source and the receptor is 

formed by direct contact (Galvanic coupling) and when two cables of the system are routed to 

each other, thus creating a parasitic capacitance (Capacitive coupling). Direct contact may be 

caused by a transmission line, wire, cable, PCB trace, or metal enclosure. Conducted noise can 

appear in a common-mode noise or differential-mode noise. Currents at frequencies below 5 

MHz are mostly differential-mode, while those above 5 MHz are usually common-mode. For 

EMI noise suppression, this conventional it is crucial to understand what kind of noise signal 

we are dealing with [16]-[23].  

Differential-mode (DM) noise or symmetrical noise can occur between any two-wire pair. In a 

single-phase system, this could be between phase and neutral lines. In a three-phase system, it 

could be phase 1 and phase 2. In DC systems, the noise can travel from plus to minus. This 
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noise usually occurs at lower frequencies and is commonly associated with the switching 

frequency of a switch-mode power supply or a motor drive [16]-[23]. 

DM currents flow between the switching supply and its source or load via the power leads, and 

these currents are independent of ground. DM current no flow through the ground. We can 

attribute as the primary source of this noise the parasitic capacitance in a circuit, such as the 

equivalent series inductance, equivalent series resistance, or another element. [16]-[23]. 

Common-mode (CM) noise is caused by the current flows along both the outgoing lines in the 

same direction and returns by some parasitic path through system ground that is not part of the 

design, the so-called “sneak circuit.” CM noise results from stray capacitances in a system and, 

also flow through the capacitance formed between the case and ground, often occurring 

between semiconductors and heat sinks [16]-[23]. 

3.3.1.2 EMI Inductive 

The inductive coupling can be due to electrical induction or magnetic induction. Electrical 

induction results from capacitive coupling while magnetic induction is caused by inductive 

coupling. Capacitive coupling occurs when a different electric field exists between two 

adjacent conductors, inducing a change in voltage across the gap. Inductive coupling occurs 

when a varying magnetic field exists between two parallel conductors, inducing a change in 

voltage along the receiving conductor [16]-[23]. 

3.3.1.3 EMI Radiated  

Once high-frequency signals are generated inside a system, they are merely propagating along 

the path of least resistance. If the structure or layout of the system provides excellent antenna 

characteristics, the signals will use those parasitic antennas and radiate from the system into 

the air (Typical example, photovoltaic solar generation system). Thus, the source radiates an 

electromagnetic wave which propagates across the open space between the source and the 

victim and is received by the victim [16]-[23]. 

3.3.2 EMI Noise Suppression 

Before looking at the different methods of EMI noise suppression, manufactures, designs, 

electrical and electronics engineering should always start thinking about EMC in the early 

stages of product design.   

The most traditional method to reduce EMI noise outside of the PEI is the Shielding, that can 

be applied to enclosures and cables.  Another technique is the Shielded housings, that should 

be made of metal or other conductive materials and guarantee a specific Ingress protection (IP), 

class. The enclosure must be grounded plainly because ungrounded enclosures will provide 

only minimum shielding attenuation. Ground connections are essential for EMC, and general 

rules can be applied [16]-[23]. 

• An independent ground connection to avoid different potentials should be implemented 

in Power circuits.  

• Grounding strategies depends on the frequency of the signal. For lower frequencies, the 

single-point grounding is used and, for high-frequency, the method used is the multi-
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point grounding. Additionally, for Power circuits with low-and high-frequency signals, 

triaxial cables would be the best solution.  

• Grounding is necessary for whole PEI system. All single units should be connected to 

the same ground point to avoid potential differences. If more than one system grounding 

point is used, a low-resistance connection between those points is imperative. 

• Grounding should never be confused with earthing. Earthing is the connection of the 

whole system to a common ground for safety reasons. Grounding can be applied for 

practical purposes or to improve EMC characteristics. 

According show in Fig. 1. the EMI noise also can be reflected towards its source by 

incorporating an LC low pass filter in the noise path. The typical and well-known topology of 

low pass filter consider a series of inductances (Chokes) in the interference paths, 𝐶𝑋 capacitors 

of the x-class between phase and neutral and 𝐶𝑌 capacitors of the y-class between phases and 

gourd. This consist of an efficient approach to protect the power supply line against line-

conducted EMI. Also, it`s important to note that in topologies of multi-stages, three phases 

filter enables reduction of both CM and DM currents [24]. 

To predict real properties of the filters, the Power electronic designer must consider that the 

parasitic elements influencing the frequency characteristic of the impedance of real elements, 

both capacitors, and chokes used for filter construction, has to be known [24]. In this context 

of the suppression components, as chokes, capacitors, and the characteristic of current, voltage 

and frequency in filter develop, will be analyzing in the next sections. 

3.3.2.1 Chokes 

Chokes consist of an electrical winding around a material with magnetic characteristics, the 

core. Various shapes exist for the core material: ring cores, D-cores, E-cores, I-cores, etc. 

Regardless of the shape, the choke always makes use of its magnetic characteristics to suppress 

EMI noise. Core materials are also dependent on outside factors such as temperature or current. 

However, when used outside of its specifications, a choke can saturate, leaving it unable to 

supply its original impedance [16]-[23]. 

The important choke characteristic can be attributed to its impedance concerning the frequency. 

Theoretically, the impedance would continue to increase with the frequency. A real choke, 

however, includes a certain winding capacitance. When the resonance point is reached, the 

impedance of the choke will reverse, and decrease makes it an interesting component for EMI 

noise suppression [16]-[23]. 

3.3.2.1.1 CM choke 

The effect of the CM choke is based in the zero-sequence current definition, which is a typical 

three-phase system flows as a sum of three-phase currents, while in a symmetrical three-phase 

system it`s equal to zero. The magnetic flux in the core of the CM choke is cased only by the 

CM current. The proper CM choke application, allows a reduction, the magnetic fields 

produced by this winding technique cancel each other out. Full inductance is only presented to 

interference signals that flow asymmetrically from phase/neutral to earth [16]-[23]. 
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The typical inductance of CM choke is high, and winding resistance is smaller because of the 

small number of turns. Therefore, these features lead to oscillations of high amplitudes and 

lower frequencies. CM chokes are typically used in conjunction with suppression capacitors as 

follows [16]-[23]:  

• In phase-angle control circuits where the desired degree of suppression cannot be 

achieved by saturating chokes alone; 

• For suppressing high interference levels from ultrasonic generators, fast rectifiers 

switched mains equipment, etc.;  

• For suppressing equipment with no ground connection; 

• For input filters to protect digital circuitry from mains-borne interference. 

CM transforms an alternative for CM choke, which eliminates oscillations caused by a 

lowering of the damping factor of CM current path. CM transformer is, in fact, a CM choke 

with additional tightly coupled secondary winding shorted by a damping resistor. The core 

difference is in the absorbing properties of the filter, providing a good amplitude reduction, 

and aperiodic reduction shape of the damp oscillation in the CM voltage.   

3.3.2.1.2 Saturating-type choke 

Saturating-types chokes change impedance at the moment of switching and can be used to 

attenuate the differential-mode noise or symmetrical noise. For maximum attenuation, 

saturating-type chokes and other devices can be connected in line, but as close as possible to 

the semiconductor switching device [16]-[23]. 

3.3.2.2 Capacitors 

Capacitors are two metal plates separated by a distance filled with a non-conductive medium 

like air, but more often other Powerful materials are used to improve the capacity. All capacitor 

dielectric materials contain imperfections; during manufacture, a high voltage is applied to the 

dielectric to burn away the metallization, creating a high-quality capacitor in which any weak 

areas are isolated. The impedance of a capacitor decreases at higher frequencies. Due to the 

inductive behavior of the connection leads, capacitors reach a point of resonance after which 

their impedance increases again [16]-[23]. 

Instead of connection leads attached to the capacitor coil, the line is directed through the center 

of the coil. One side of the capacitor is then connected directly to the line; the other end is 

connected to the housing. The result is a common-mode capacitor without significant 

connection leads, thus avoiding resonance points. Capacitors are connected between phases or 

between phase and earth and are, therefore, subject to safety considerations [16]-[23]. 

3.3.2.3 Filters: design and parameters 

Filters can be designed with a variety of electrical and mechanical specifications. However, 

it`s important to note that filters are generally described by their attenuation, also called 

insertion loss [16]-[23].  
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To determine the attenuation, a defined source and load are connected, and the signal from the 

source may be measured. The filter is then inserted, and the measurement repeated. The 

attenuation is then calculated from the two results with expression (9) [16]-[23]: 

𝐴[𝑑𝐵] = 20 ∙ log
𝑉2

𝑉1
 

 

(9) 

where 𝑉2, and 𝑉1 are the results with and without the filter, respectively. Traditionally, the 

measurement is described in CISPR 17, where the load and source impedance must be 50Ω 

each. Both asymmetrical (common-mode) and symmetrical (differential-mode) attenuations 

need to be measured [16]-[23]. 

However, the attenuation diagram of a filter never reflects the subsequent reality, just the 

laboratory measurement conditions. Measurements at different impedance values quickly show 

that the attenuation shifts with changing impedances. The attenuation characteristic also does 

not tell the end user how well the filter is going to perform under load conditions, therefore 

manufacturing always needed to be tested additionally at various load conditions to guarantee 

good attenuation and performance without saturation in the final application [16]-[23].  

3.3.2.3.1 Current  

Since current flow leads to a temperature rise in passive components, the ambient temperature 

of the environment where the EMI filter may be used as a direct impact on the rated current 

[16]-[23]. The maximum operating current can be calculated using the expression (10): 

𝐼 = 𝐼𝑁 ∙ √
𝜃𝑚𝑎𝑥 − 𝜃𝑎𝑐𝑡

𝜃𝑚𝑎𝑥 − 𝜃𝑁
 

 

(10) 

where 𝐼𝑁 is the rated current at 𝜃𝑁, 𝜃𝑎𝑐𝑡  is the actual ambient temperature, 𝜃𝑁. is the 

temperature at which the rated current is defined (traditionally 40℃ or 50℃), and 𝜃𝑚𝑎𝑥 is the 

rated maximum temperature of the component. I.e., If a filter with 𝐼𝑁 = 7𝐴 at 𝜃𝑁 = 50℃ and 

a rated maximum temperature of 𝜃𝑚𝑎𝑥 = 100℃ is to be used at an ambient temperature of 

𝜃𝑎𝑐𝑡 = 65℃, the rated current of this filter must be reduced to 𝐼𝑁,65℃ = 5.9𝐴 [16]-[23]. 

3.3.2.3.2 Voltage 

The voltage ratings of the EMI filters cannot be confused with the nominal voltage of the 

system. I.e., a European Power grid, for example, has a defined nominal voltage of 230𝑉 ±

10%.  

The maximum voltage at the terminals may be 230𝑉 ± 10% = 253𝑉. The rated voltage of the 

EMI filter defines the maximum continuous operating voltage, i.e., the maximum voltage at 

the terminals which the EMI filter should be used continuously. Therefore, to avoid damage to 

the EMI filter, the continuous voltage should not exceed the rated voltage. The voltage rating 

is usually given for a supply frequency of 50𝐻𝑍 or 60𝐻𝑍. If the EMI filter is operated at higher 

frequencies (e.g., 400𝐻𝑍), the voltage must be derated [16]-[23].  
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The rated voltage of three-phase filters sometimes leads to confusion when only one voltage 

value is stated, i.e., 480𝑉𝐴𝐶. This value always must be understood as a phase-to-phase 

voltage. The respective phase-to-neutral voltage is times this value, i.e., 
480𝑉𝐴𝐶

√3
= 277𝑉𝐴𝐶 

[16]-[23]. 

3.3.2.3.3 Frequency 

Depending on the type of EMI filter, three different frequencies can be defined, we highlight 

below the most important concepts: 

• Supply frequency: The frequency of PEI typically 50𝐻𝑍 or 60𝐻𝑍. The operating 

frequency of the EMI filter is determined by the behavior of the capacitors. Depending 

on the voltage-frequency characteristic of the capacitor, it might be possible to operate 

an EMI filter at a higher frequency but with a reduced input voltage. 

• Switching frequency: The frequency used to switch control techniques. This frequency 

has a direct relation to the loss in the PEI and the output components. For EMI filter, it 

is also necessary to consider the connection between the switching frequency and the 

resonance frequency of the EMI filter. Traditionally, EMI filters are designed with the 

resonance frequency least 2.5 times lower than the lowest switching frequency. 

• Motor frequency: This frequency determines the rotational speed of the motor. Most 

applications operate at 50𝐻𝑍 or 60𝐻𝑍 motor fields, but applications with higher rotational 

speeds also exist (high-speed spindle drives up to 2000 Hz). 

3.3.3 Consideration of EMI from PEI 

Nowadays, the high-speed semiconductor switches with their modulations techniques have 

become on the most critical problem and phenomena related to EMI into the smart-grids. 

Among all the possible issues, we highlight below the most applied to the EMC: 

• PEI input: EMI noise, Harmonics, Commutation notches, Inrush and peal currents, and 

Low-frequency interference; 

• PEI output: High overvoltage due to stray inductance or currents loops, High leakage 

current in magnetic elements due to stray capacitive coupling, and Parasitic ground 

currents.  

Good layout design for a PEI (components with low capacitive couplings) can reduce parasitic 

elements, stray inductances, and capacitances, which reduce losses and EMI noise. Also, it`s 

crucial to consider EMI at the beginning stage of the design and compromise it with losses and 

low order harmonics.  

Therefore, it`s a convention to affirm that in PEI, switching frequency and passive EMI filters 

have an essential role in reducing the harmonic magnitude on both sides, input, and output. 

Also, it`s important to note that increasing the switching frequency decreases the output ripple 

magnitude (this can reduce the size of low pass filter) but increase the switching losses. We 

describe below, section 5.3.3.1 and 5.3.3.2, some mitigation techniques for conducted and 

radiated EMI, respectively. 
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For the other hand, it is a great challenge to determine switching frequency and switching time 

of PEI with a good trend-off between quality and power density. It is apparent that decreasing 

the switching time (fast switching) and switching frequency decrease the switching losses. 

However, the main drawbacks are increasing EMI noise and reducing the quality of PEI due to 

high dv/dt or di/dt and high ripple on output voltage or current, respectively. In this context, it 

highlights some remarks:  

• Switching frequency and modulation strategies should be determined based on ripple 

magnitude on the output voltage, total losses, ambient temperature, thermal resistance 

between power switches and ambient, and size and cost of the passive EMI filter; 

• Switching time can be chosen considering the: Switching losses, maximum dv/dt or di/dt 

values of power switches, overvoltage, and leakage current magnitudes, which affect 

passive EMI filter size and cost. 

3.3.3.1 Mitigation Techniques for Conducted EMI 

To effectively mitigate conducted emissions, it is imperative to address the EMI noises 

separately. Solutions for DM noise will not eliminate CM noise. DM noise can usually be 

suppressed by connecting bypass capacitors directly between the Power supply and return 

lines. The lines that require filtering maybe those located at the input or the output of the Power 

supply. 

The bypass capacitors on these lines need to be physically located adjacent to the terminals of 

the noise generating source to be most effective, mainly for efficient attenuation of differential-

mode currents at high frequencies. Attenuation at lower frequencies of DM currents may be a 

much higher value of bypass capacitance and cannot be attained with a ceramic style capacitor. 

Ceramic capacitors up to 22𝜇𝐹 may be suitable for DM filtering across the lower voltage 

outputs of PEI but not ideal for inputs where 100-volt surges can be experienced. For these 

applications, electrolytic capacitors are employed because of their high capacitance and voltage 

ratings. 

DM input EMI filters usually consist of a combination of electrolytic and ceramic capacitors 

to suitably attenuate DM current both at the lower fundamental switching frequency as well as 

at, the higher harmonic frequencies. Further suppression of DM currents can be achieved by 

adding an inductor in series with the main Power feed to form a single-stage L-C differential-

mode low pass EMI filter with the bypass capacitor. CM conducted currents are effectively 

suppressed by connecting bypass capacitors between each power line of the supply and ground. 

These power lines may be at the input and the output of the Power supply. Further suppression 

of CM currents can be achieved by adding a pair of coupled choke inductors in series with each 

main power feed. The high impedance of the coupled choke inductors to exiting CM currents 

forces those currents through the bypass capacitors. 

3.3.3.2 Mitigation Techniques for Radiated EMI 

Radiated EMI can be suppressed by reducing radio frequency (RF) impedance and lowering 

the antenna loop area, which is done by minimizing the enclosed loop area formed by the power 

line and its return path. The inductance of a printed circuit board track can be reduced by 
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making it as wide as possible and routing it parallel to its return path. Similarly, because the 

impedance of a wire loop is proportional to its area, reducing the area between the Power line 

and its return Path will further reduce its impedance. Within printed circuit boards this area can 

be best reduced by placing the Power line and return path one above the other on adjacent 

printed circuit board layers.  

Recall that reducing the loop area between a Power line and its return path not only reduces 

the RF impedance but also reduces the effectiveness of the antenna because the smaller loop 

area produces a reduced EM field. A ground plane located on the outer surfaces of the printed 

circuit board, mainly if located directly below the noise generating source, suppresses radiated 

EMI significantly. To further reduce radiated noise, metal shielding can be utilized to contain 

radiation. This is achieved by placing the noise generating source within a grounded conductive 

housing. 

3.4 Buck-Converter with continuous conduction mode (CCM) 

To scale down the output DC voltage, a step-down PEI is necessary. In this context and 

according to the increasing demand in Smart Cities for this application (DC-DC systems), the 

buck converter has been applied successfully to reach this demand. 

Fig. 4. Illustrate the basic design of a Buck Converter. It is a switched-mode power supply that 

in its most basic form uses two switches (a transistor and a diode) together with an inductor 

and a capacitor. The switching of the transistor either connects the inductor to the input voltage 

(on-state) to store energy in the inductor or allows the inductor to discharge into the load (off-

state).  

By controlling the on- and off-state times, the input voltage is lowered to the desired level. The 

two basic modes of operation of the converter are CCM and discontinuous conduction mode 

(DCM). The Buck converter operates in CCM if the current through the inductor never falls to 

zero during the commutation cycle and in DCM if it does. 

 
Figure 4 - basic design of a Buck Converter 
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Before to analyze the behavior of Buck-converter in CCM, it’s essential to understand the 

dynamic behavior of inductor and capacitor. This is critical knowledge to DC-DC converters, 

in the permanent regime, where the following expressions, 11.a and 11.b, must be satisfied:  

𝑣(𝑡0 + 𝑇) = 𝑣(𝑡0) (11.a) 

 

𝑖(𝑡0 + 𝑇) = 𝑖(𝑡0) (11.b) 

This expression 11.a and 11.b represent that the values of voltage (𝑣) and current (𝑖) despise 

the variation from the two-point of time, (𝑡0) to (𝑡0 + 𝑇) must be the same point in the 

waveform. However, the must provide a traditional representation of this convention is the 

expressions 12.a and 12.b:  

𝑣(𝑡0 + 𝑇) − 𝑣(𝑡0) = 0 (12.a) 

 

𝑖(𝑡0 + 𝑇) − 𝑖(𝑡0) = 0 (12.b) 

3.4.1 Inductor  

Traditionally, the inductor current 𝑖𝐿(𝑡) depends on the voltage integration and one initial value 

of 𝑖𝐿(𝑡0), which can be proved by the expression 13.d: 

𝑢𝐿 = 𝐿
𝑑𝑖𝐿

𝑑𝑡
 

(13.a) 

 

∫ 𝑢𝐿𝑑𝑡
𝑡

𝑡0

= ∫ 𝐿𝑑𝑖𝐿

𝑖𝐿(𝑡)

𝑖𝐿(𝑡0)

  
(13.b) 

 

1

𝐿
∫ 𝑢𝐿𝑑𝑡

𝑡

𝑡0

=  𝑖𝐿(𝑡) − 𝑖𝐿(𝑡0) 
(13.c) 

 

𝑖𝐿(𝑡) =
1

𝐿
∫ 𝑢𝐿𝑑𝑡

𝑡

𝑡0

+ 𝑖𝐿(𝑡0) 
(13.d) 

 

Also, it’s essential to consider that the average 𝑣 on inductor (𝐿) during the condition of the 

permanent regime must be null. Therefore, based on the expression 13.c, and considering the 

integral time limits of expression 11.b, it’s possible to deduce the expression 14.c:  

1

𝐿
∫ 𝑢𝐿𝑑𝑡

𝑡0+𝑇

𝑡0

=  𝑖𝐿(𝑡0 + 𝑇) − 𝑖𝐿(𝑡0)    ×  
𝐿

𝑇
 

(14.a) 

 

1

𝑇
∫ 𝑢𝐿𝑑𝑡

𝑡0+𝑇

𝑡0

= (𝑖𝐿(𝑡0 + 𝑇) − 𝑖𝐿(𝑡0))
𝐿

𝑇
  

(14.b) 

 

1

𝑇
∫ 𝑢𝐿𝑑𝑡

𝑡0+𝑇

𝑡0

= 0 
(14.c) 
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However, the most critical characteristic of 𝑖𝐿(𝑡), is the aspect of increasing and decreasing 

linearly according to the fix duty cycle (𝐷). In this context, two intervals must be defined to 

reach this behavior and meet the permanent regime condition of 𝐿: 

a) The 𝑖𝐿(𝑡), must have an increasing linear behavior with inclination equal to 
𝑢𝐿

𝐿
𝑡, if 

applied a constant value of 𝑣 sob 𝐿 – the first interval of fix 𝐷, i.e., 0 < 𝑡 < 𝑇/2; 

b) The 𝑖𝐿(𝑡), must have a linear decreasing behavior with inclination equal to −
𝑢𝐿

𝐿
(𝑡 −

𝑇

2
) +

 𝑖𝐿 (
𝑇

2
), if applied a constant value of 𝑣 sob 𝐿 – Second Interval of fix 𝐷, i.e., 𝑇/2 < 𝑡 < 𝑇; 

The expression 15.c deduces the first interval of fix 𝐷: 

𝑖𝐿(𝑡) =
1

𝐿
∫ 𝑢𝐿𝑑𝑡

𝑡

𝑡0

+ 𝑖𝐿(𝑡0)            →  𝐹𝑖𝑠𝑡 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑖𝐿(𝑡). 𝑖𝐿(𝑡0) = 𝑛𝑢𝑙𝑙 
(15.a) 

 

𝑖𝐿(𝑡) =
1

𝐿
∫ 𝑢𝐿𝑑𝑡

𝑡

0

+ 0         →  𝐹𝑖𝑠𝑡 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑖𝐿(𝑡).  𝑢𝐿 =  𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
(15.b) 

 

𝑖𝐿(𝑡) =
𝑢𝐿

𝐿
𝑡 

(15.c) 

 

The expression 16.c deduces the second interval of fix 𝐷:  

𝑖𝐿(𝑡) =
1

𝐿
∫ 𝑢𝐿𝑑𝑡

𝑡

𝑡0

+ 𝑖𝐿(𝑡0)            →  𝑆𝑒𝑐𝑜𝑛𝑑 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑖𝐿(𝑡). 𝑖𝐿(𝑡0)

= 𝑟𝑒𝑠𝑢𝑑𝑢𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

(16.a) 

 

𝑖𝐿(𝑡) =
1

𝐿
∫ −𝑢𝐿𝑑𝑡

𝑡

𝑇/2

+ 𝑖𝐿(𝑇/2)        →  𝑆𝑒𝑐𝑜𝑛𝑑 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑖𝐿(𝑡). −𝑢𝐿 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
(16.b) 

 

𝑖𝐿(𝑡) = −
𝑢𝐿

𝐿
(𝑡 −

𝑇

2
) + 𝑖𝐿 (

𝑇

2
)  

(16.c) 

 

The fig. 5 illustrate the inclination 
𝑢𝐿

𝐿
𝑡, and −

𝑢𝐿

𝐿
(𝑡 −

𝑇

2
) + 𝑖𝐿 (

𝑇

2
) for 𝑖𝐿(𝑡) = 10𝐴 and fix 𝐷 =

0.5. It’s is essential to note that in the next sections we understand better the function of 𝐷, at 

this moment it’s cited here only to represent the inclination 
𝑢𝐿

𝐿
𝑡, and −

𝑢𝐿

𝐿
(𝑡 −

𝑇

2
) + 𝑖𝐿 (

𝑇

2
) for 

𝑖𝐿(𝑡) = 10𝐴, behavior.  
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Figure 5 – 𝑖𝐿(𝑡) for a fix 𝐷 = 0.5. Simulated results from a Buck-converter on Simulink/MatLab. 

3.4.2 Capacitor 

Traditionally, the capacitor voltage 𝑣𝑐(𝑡), depends on the current 𝑖𝑐(𝑡) integration and one 

initial value of 𝑣𝑐(𝑡0), which can be proved by the expression 17.d: 

𝑖𝑐(𝑡) = 𝐶
𝑑𝑣𝑐

𝑑𝑡
 

(17.a) 

 

∫ 𝑖𝑐𝑑𝑡
𝑡

𝑡0

=  ∫ 𝐶𝑑𝑣𝑐

𝑣𝑐(𝑡) 

𝑣𝑐(𝑡0) 

 
 

(17.b) 

 

 

1

𝐶
∫ 𝑖𝑐𝑑𝑡

𝑡

𝑡0

=  𝑣𝑐(𝑡) − 𝑣𝑐(𝑡0) 
(17.c) 

 

𝑣𝑐(𝑡) =
1

𝐶
∫ 𝑖𝑐𝑑𝑡

𝑡

𝑡0

+  𝑣𝑐(𝑡0) 
(17.d) 

Also, it’s essential to consider that the average of 𝑖 on the capacitor (𝐶) during the condition 

of the permanent regime must be null (“open circuit”). Therefore, based on the expression 17.c, 

and considering the integral time limits of expression 11.a, it’s possible to deduce the 

expression 18.c: 

1

𝐶
∫ 𝑖𝑐𝑑𝑡

𝑡

𝑡0

=  𝑣𝑐(𝑡) − 𝑣𝑐(𝑡0)    ×
𝐶

𝑇
 

(18.a) 
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1

𝑇
∫ 𝑖𝑐𝑑𝑡

𝑡0+𝑇

𝑡0

= (𝑣𝑐(𝑡0 + 𝑇) − 𝑣𝑐(𝑡0))
𝐶

𝑇
 

(18.b) 

 

1

𝑇
∫ 𝑖𝑐𝑑𝑡

𝑡0+𝑇

𝑡0

= 0 
(18.c) 

 

However, the most critical characteristic of 𝑣𝑐(𝑡), is the aspect of increasing and decreasing 

linearly according to the fix duty cycle (𝐷). In this context, two intervals must be defined to 

reach this behavior and meet the permanent regime condition of 𝐶: 

a) The 𝑣𝑐(𝑡), must have an increasing linear behavior with inclination equal to 
𝑖𝐶

𝐶
𝑡, if 

applied a constant value of 𝑖 sob 𝐶 – the first interval of fix 𝐷, i.e., 0 < 𝑡 < 𝑇/2; 

a) The 𝑣𝑐(𝑡), must have a linear decreasing behavior with inclination equal to −
𝑖𝑐

𝐶
(𝑡 −

𝑇

2
) +

 𝑣𝑐 (
𝑇

2
),  if applied a constant value of 𝑖 sob 𝐶 – Second Interval of fix 𝐷, i.e., ., 𝑇/2 < 𝑡 <

𝑇 ; 

The expression 19.c deduces the first interval of fix 𝐷: 

𝑣𝑐(𝑡) =
1

𝐶
∫ 𝑖𝑐𝑑𝑡

𝑡

𝑡0

+ 𝑣𝑐(𝑡0)           →  𝐹𝑖𝑠𝑡 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑣𝑐(𝑡). 𝑣𝑐(𝑡0) = 𝑛𝑢𝑙𝑙 
(19.a) 

 

𝑣𝑐(𝑡) =
1

𝐶
∫ 𝑖𝑐𝑑𝑡

𝑡

0

+  0         →  𝐹𝑖𝑠𝑡 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑣𝑐(𝑡). 𝑖𝑐 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
(19.b) 

 

𝑣𝐶(𝑡) =
𝑖𝑐

𝐶
𝑡 

(19.c) 

 

The expression 20.c deduces the second interval of fix 𝐷: 

𝑣𝑐(𝑡) =
1

𝐶
∫ 𝑖𝑐𝑑𝑡

𝑡

𝑡0

+ 𝑣𝑐(𝑡0)          →  𝑆𝑒𝑐𝑜𝑛𝑑 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑣𝑐(𝑡). 𝑣𝑐(𝑡0)

= 𝑟𝑒𝑠𝑢𝑑𝑢𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

(20.a) 

 

𝑣𝑐(𝑡) =
1

𝐶
∫ −𝑖𝑐𝑑𝑡

𝑡

𝑇/2

+ 𝑣𝑐(𝑇/2)        →  𝑆𝑒𝑐𝑜𝑛𝑑 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑣𝑐(𝑡). −𝑖𝑐 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
(20.b) 

 

𝑣𝑐(𝑡) = −
𝑖𝑐

𝐶
(𝑡 −

𝑇

2
) + 𝑣𝑐 (

𝑇

2
)  

(20.c) 

 

The fig. 6 illustrate the inclination 
𝑖𝑐

𝐶
𝑡, and −

𝑖𝑐

𝐶
(𝑡 −

𝑇

2
) + 𝑣𝑐 (

𝑇

2
)for 𝑣𝑐(𝑡) = 100𝑉, and fix 

𝐷 = 0.5. It’s is essential to note that in the next sections we understand better the function of 

𝐷, at this moment it’s cited here only to represent the inclination 
𝑢𝐿

𝐿
𝑡, and −

𝑖𝑐

𝐶
(𝑡 −

𝑇

2
) +

 𝑣𝑐 (
𝑇

2
) 𝑡 for  𝑣𝑐(𝑡) = 100𝑉, behavior. 
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Figure 6 – 𝑣𝑐(𝑡) for a fix 𝐷 = 0.5. Simulated results from a Buck-converter on Simulink/MatLab. 

In Fig. 6 is possible to note that 𝑣𝑐(𝑡), doesn’t present the aspect of increasing and decreasing 

linearly according to the fix duty cycle (𝐷), when one constant value of 𝑖 (see fig. 5) is applied 

sob 𝐶 in a connected electrical circuit (Buck-converter in CCM).   

This effect can be attributed to the load variation (∆𝑄) on the capacitor when a power switch 

is a turn-on and turn-off according to their switch control strategies (see Fig. 3). Therefore, to 

understand the ∆𝑄, we must know the operating steps of Buck-converter by the CCM and 

DCM, according to their specific switch control strategies. The next section of this chapter will 

analyze the operation steps for CCM and with deterministic modulation.  

3.4.3 Operating steps: CCM and Deterministic Modulation 

The main assumption of a Buck-converter (see Fig. 4) is provided an output voltage 𝑣𝑜 < 𝐸. 𝐸 

is the input voltage. Traditionally, the first operation step considers the switch (𝑆) is on the 

turn-on position, and consequently the Diode is blocked, according to represented on the 

expression 21.B: 

−𝐸 + 𝑣𝑠 − 𝑣𝑑 = 0         →  𝐹𝑖𝑠𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑡𝑒𝑝 𝑣𝑠 = 0          (21.a) 

 

𝑣𝑑 = −𝐸   (21.b) 

 

However, to reach the main assumption of a Buck-converter (see Fig. 4), it’s important to have 

+𝑣𝐿, according to shown by the expression 22.b:  

−𝐸 + 𝑣𝑠 + 𝑣𝐿 + 𝑉𝑂 = 0         →  𝐹𝑖𝑠𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑡𝑒𝑝 𝑣𝑠 = 0          (22.a) 
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𝑣𝐿 = 𝐸 − 𝑉𝑂  > 0  (22.b) 

 

The second operation step consider the 𝑆 is on turn-off position and the for the continuity of 

the 𝑖𝐿(𝑡), the 𝐷 goes into conduction instantaneously, according represented on the expression 

23.b: 

+𝑣𝑑 + 𝑣𝐿 + 𝑉𝑂 = 0         →  𝐹𝑖𝑠𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑡𝑒𝑝 𝑣𝑑 = 0   (23.a) 

 

𝑣𝐿 = −𝑉𝑂 (23.b) 

 

At this point, based on the expression 22.b, 23.b and considering the expression 13.d is possible 

to deduce the 𝑣𝐿 waveform for operating steps – CCM, considering the 𝑆 in the turn-on and 

turn-off position, with a fix 𝐷 = 0.5, according to shown in Fig 7. Fig 7 proof the expression 

14.c. 

 
Figure 7 – 𝑣𝐿  𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚 𝑓𝑜𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑠𝑡𝑒𝑝𝑠 –  𝐶𝐶𝑀. Simulated results from a Buck-converter on 

Simulink/MatLab. 

The ∆vL generate a ∆𝑖𝐿, and according discussed in our previous section from 5.1 to 5.3, the 

high 
𝑑𝑖𝐿

𝑑𝑡
 creates a critical overvoltage “ripple” on power converts due to the stray inductance 

of current loops by the 𝑆 turn-on and turn-off operation, according shown in Fig.8.  
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Figure 8 – Illustration of the stray inductance of a current loop 

The Δ𝑖𝐿 represent the variation of 𝑖𝐿(𝑡) by the 
𝑑𝑖𝐿

𝑑𝑡
, and can be represented by the expression 

24, for the operation steps – CMM: 

Δ𝑖𝐿 =
(𝐸 − 𝑉𝑂)𝐷 ∙ 𝑇𝑆

𝐿
 

(24) 

where, 𝑇𝑆 =  
1

𝑓𝑠𝑤
, 𝑓𝑠𝑤 is the switching frequency in 𝐻𝑍.  

For the other hand, to find the 𝑖𝑐(𝑡), it’s essential to consider that in the connection mesh of 

capacitor (See fig. 4) we have three elements, and the following expression 25.a can represent 

this relation: 

𝐼𝑜 = 𝑖𝐿 − 𝑖𝑐 (25.a) 

 

𝐼𝑜 = 𝐼�̅� − 𝑖𝐿𝑎𝑐(𝑡) (25.b) 

 

The expression 25.b represent the two main components of 𝐼𝑜. 𝐼�̅� , is the average component 

and 𝑖𝐿𝑎𝑐(𝑡) is the alternate component contemplate by current modulation. The ∆𝑖𝑐 generate a 

∆𝑣𝑐, and according discussed in our previous section from 5.1 to 5.3, the high 
𝑑𝑣𝑐

𝑑𝑡
 creates a 

critical leakage current in magnetic elements and electric motors due to stray capacitive 

couplings by the 𝑆 turn-on and turn-off operation, according shown in Fig.9.  

 
Figure 9 - Illustration of the stray capacitance 

Considering the capacitor impedance, traditionally, it’s possible assuming that in the alternate 

component of the 𝑖𝐿 we have high frequency; therefore we can consider that the 𝐶 will behave 

as a path of low impedance for these frequencies, that is 𝑖𝑐  ≈  𝑖𝐿𝑎𝑐(𝑡). 
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Consequently, for the 𝐼�̅�, the capacitor behaves with an infinite impedance, that is 𝐼�̅� ≈ 𝑖𝐿. 

Based on the relation 𝑖𝑐 ≈ 𝑖𝐿𝑎𝑐(𝑡), the 𝑖𝑐 has the behavior according represented by Fig. 10. 

Where is possible to see the moments when the 𝐶 charger and discharge. Fig 10 proof the 

expression 18.c. 

Considering the expression 17.d, and ∆𝑖𝑐 for the first operation step considering the 𝑆 in the 

turn-on position the 𝑣𝑐  will have a 2nd order behavior, increasing. This means that when the 

𝑖𝑐 = 0, the 𝑣𝑐(0) = 𝑚𝑖𝑛. For the second operation step considering the 𝑆 in the turn-off 

position the 𝑣𝑐  will have a 2nd order behavior, decreasing. This means that when the 𝑖𝑐 = 0, 

the 𝑣𝑐(0) = 𝑚𝑎𝑥. This effect can be attributed to the load variation on ∆𝑄. Considering that 

∆𝑄 = 𝐶 ∙ ∆𝑣𝑐. Δ𝑣𝑐 can be represented by the expression 26, for the operation steps – CMM: 

Δ𝑣𝑐 =
(𝐸 − 𝑉𝑂)𝐷 ∙

8. 𝐿. 𝐶. 𝑓𝑠𝑤
2  

(26) 

 
Figure 10 – 𝑖𝑐  𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚, 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑖𝑥 𝐷 = 0.5, 𝑓𝑜𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑠𝑡𝑒𝑝𝑠 –  𝐶𝐶𝑀. Simulated results from a Buck-

converter on Simulink/MatLab. 

3.5 Switch Control Strategies 

Smart cities environments could be considered as limited space environments, such as electric 

vehicles, renewable energy systems, industrial uses, and even in-house equipment, and for the 

most cases, these limited environments must deal with the spectrum sharing between power 

and telecommunication devices, and among others devices. PEI perform a defined function in 

power systems and smart cities environments, withstanding many features, as high efficiency, 

low cost, the capability to work at different levels of voltages and currents, as well as easy 

control switch modulation strategies [24]-[26]. 

Energy processes realized in power systems containing PEI differ significantly, both in terms 

of the power and frequency of the signals. EMI, as side-effect consequences of the intentional 

processes (electric power conversion and control process), can appear in a wide frequency 
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range; from the lower harmonics and inter-harmonics of the mains frequency up to the higher 

harmonics [24]. With a crowded EM spectrum, PEI is considered as the main factor in the EM 

environment deterioration. Therefore, meeting the EMC standards (e.g., CISPR22) rises as a 

severe challenge to PEI designers [25]. An increase in switching frequencies can provide high 

EMI interference, brought about by the realization of the primary energy conversion processes, 

and shifted in the frequency range corresponding to conducted EMI range from  9𝑘𝐻𝑧 to 

30𝑀𝐻𝑧 [24].  

In the majority of the PEI applications, the high dv/dt or di/dt values of power switches, 

connected with short rising and falling times, of transistor voltages excite parasitic couplings 

forcing the flow of high-level EMI currents. Also, the high-level EMI noise can be attributed 

to the overvoltage, and leakage current generates by fast contactless switches and stray 

components [24]. Also, by their inherent design characteristics, PEIs with their power 

transistors supplies generate EMI composed of signals of multiple frequencies, and the switch 

control strategies take a vital role to improve it thought the efficiency control.  

According discusses in [25] and [26], recognizing the need for EMC compliance, designers 

should provide converters not only to accomplish the necessary electrical functions but also to 

achieve the lowest harmonic spectrum or to facilitate the sharing. To meet the limits of 

conducted EMI range, PEI typically requires an EMI filter at its input. Therefore, considering 

that measurements of the CM and DM noise coming from the EMI source, and it interferes in 

the EMI filter size and project. In this context, the next sections of this chapter will discuss 

EMC issues with a focus on the switch modulation strategies, to more comprehension on the 

spectrum sharing and EMI noise reduction, that might be interesting for designers to reach the 

EMC assurance. 

3.5.1 Switch Modulation Strategies 

High-efficiency controllers (Electronic circuits, responsible for controlling the converter by 

measured signals, according to shown in Fig. 11), on the most case, is obtained by the switching 

transistors, that can be attributed as the primary source of EMI emissions. Also is related to the 

control strategy of the switches to convert the available AC or DC voltage/current waveforms 

of the power source into the AC or DC waveforms required by the load. Considering the 

fundamental components of waveforms involved in energy conversion (DC or AC) and the 

switching frequency (tens of kilohertz or more), the profile choice of the most convenient 

waveform depends on the target and Power electronic converters requirements [27]-[34]. 

 

Fig. 11. Power converter with closed-loop control via modulation of the switching function. 
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Fig. 11 shows the conventional control scheme with a switching function,  𝑠𝑓(𝑡), where 

reference values, waveforms of the desired steady-state for controlled voltages or currents are 

combined with these reference values to determine 𝑠𝑓(𝑡). The standards and performance 

specifications of PEI must attendance a lot of constraints related to their environmental effects, 

such as conducted low-frequency emissions and EMI. In this context, the allowable harmonic 

content of some of these waveforms is often constrained, based on this the PEI it's composed 

in most of their volume and weight by an input or output filter. Other solutions can be an 

increase in the switching frequency, which in turn increases the switching power losses [24]. 

Thus, considering the low-cost landscape for PEI applications and EM environment, switch 

modulation approaches could be viewed as the primary aspect to understand the profile of the 

EMI noise shape and might be interesting for designers as well as smart cities environments, 

involved in EMC assurance.  

Spread-spectrum based on PWM techniques achieve EMI noise reduction technique and 

emerge as a promising and very effective solution to comply with EMC standards [25], [26]. 

The two most popular methods in this context were reviewed in this prospective review paper; 

the deterministic PWM (programmed switching) and randomized PWM (RPWM). The core 

difference of these approaches is that the effect of the randomization introduces a continuous 

EMI noise. On the other hand, the sigma-delta modulation (SDM) strategies are also used to 

attenuate the discrete EMI noise spectrum. Also, to create spectral nulls at specified 

frequencies, based on a feedback control circuit that measure, amplify, and digitizes the 

difference between the output voltage of the converter and the reference voltage, to generate 

the control signal for the power transistor driver. Thus, according to discussed in the 

introduction, the choice of better EMI noise shape, considering PEI requirements and EM 

environment can be done, also taking into account the switch modulation strategies to improve 

the EMC compliance. 

3.5.2 Deterministic Modulation 

The most traditional method is the PWM approach. Consider one DC-DC converter; basically, 

the controlled switch is designed to “cut” the DC waveform into a pulse waveform. These 

alternates between the values of specific voltage and 0 at the switching frequency, and this DC-

DC converter is controlling the duty cycle (𝐷), i.e., the fraction of time that the switch is closed 

in each cycle, we can control the fraction of time that the pulse waveform takes the value [27]-

[29]. Typically, the waveforms from PEI are periodic functions of time in the steady-state.  

Fig. 12(a) shows the 𝐷 of 𝑠𝑓(𝑡) that determines the nominal output of a DC-DC converter, while 

the fundamental component of 𝑠𝑓(𝑡) determine the output of a DC-AC converter (Fig. 12(b)); 

similar statements can be made for AC-DC and AC-AC converters [28]. 
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Fig. 12. Nominal switching function, 𝑠𝑓(𝑡), and sample state variable, 𝑖(𝑡), in two types of power converters: 

(a) DC-DC converter operating with duty ratio 𝐷 and (b) DC-AC converter. 

Fig. 12(b) also shows that the nominal waveform in the case of single-phase DC-AC converter 

is periodic with the fundamental corresponding to the slow AC waveform that is being 

synthesized. In the case of three or more phase systems, named “polyphase systems” the 

industry standard today is the so-called space vector modulation, in which switching 

commands for all three phases are generated in a coordinated fashion [35]-[38].  

In standard PWM strategy with the programmed switching frequency, the harmonics usually 

occur at fixed and well-defined frequencies and are thus named “discrete harmonics.” On the 

other hand, the concept of frequency modulation techniques is based on the modulating the 

original constant clock frequency to spread the energy of every single harmonic into the well-

defined frequencies, thus reducing the peak amplitude of EMI at harmonic frequencies, 

however, doesn't introduce a continuous EMI noise spectrum.  
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Fig. 13(a) shows the spectrum and Fig. 13(b) shows the spectrogram of EMI noise shape of 

voltage output for a standard PWM with the programmed switching frequency of 70kHz 

implemented in one Buck-Converter with 𝐷 = 0.50, using the Simscape library from MatLab, 

and in accordance with CISPR A standard.  

Fig. 13. EMI Noise shape of output voltage programmed switching frequency of 70𝑘𝐻𝑧: a) Spectrum and b) 

Spectrogram. 

According shown in Fig. 13(a), the switching frequency of 70kHz, create a significative impact 

by the EMI noise shape as well as the second sideband of the harmonic contents was at the 

frequency of 140kHz. Fig. 13(b) shows the high peaks amplitude of EMI noise, at the 

switching frequency and their multiple harmonics.  

In the mid-1990s, the firsts researchers on frequency modulation techniques to reduce EMI 

emissions was developed with a focus on communications and microprocessor systems [28]-

[30]. The main concern with these latter approaches is that EMI is equally spread along the 

whole frequency spectrum, and these approaches do not provide any control over the bands 

where EMI energy is spread. This feature is crucial for applications in the context of 

telecommunications, telematics, and automation systems where EMI at specific selective 

frequencies must be avoided. Investigations of such techniques applied to EMI reduction of 

A 

B 
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digital systems is a subject of significant concern, inclusive opening a new area of research, 

with modulation techniques to power electronics converters with randomized modulation [32]-

[34], [39]-[51].  

3.5.3 Random Modulation 

The concept of randomness is to spread the harmonic power which exists at well-defined 

frequencies (discrete harmonics) over a wide range of frequencies so that no harmonic of 

significant magnitude exists. As a result, discrete harmonics are significantly reduced, and the 

harmonic power is spread over the spectrum as “noise” (continuous spectrum) [52]. 

The strategy of most randomized modulation is based on schemes in which successive 

randomizations of the switching pulse train (or of the periodic segments of this pulse train) are 

statistically independent and governed by invariant probabilistic rules. Therefore, the 

randomized modulation strategy must enable precise control of the time-domain performance 

of randomized switching, in addition to spectral shaping in the frequency domain. The 

elemental analysis problem in randomized modulation is to relate the spectral characteristics 

of, 𝑠𝑓(𝑡), and other associated waveforms in a converter to the probabilistic structure that 

governs the dithering of an underlying deterministic nominal switching pattern. 

On this context, the better approach to study the randomized switching setup is the power 

spectrum (Fourier transform of the original signal autocorrelation), and not the harmonic 

spectrum (i.e., the Fourier transform of the signal itself). Note that the Fourier transform of a 

random signal is itself a random function, i.e., it is a random variable at each frequency. The 

power spectrum, on the other hand, has much better convergence properties and can be 

estimated reliably from the available signal [28], [53]. 

A random signal may be thought of as a signal selected from an ensemble (family) of possible 

signals by a random experiment governed by some specification of probabilistic structure. The 

group of signals and the specification of probabilities together comprise the random process 

(or stochastic process) generating the random signal [28], [53]. According to [28], randomized 

modulation strategy could be characterized by invariant deterministic and probabilistic 

structure: 

• The nominal or reference on-off a pattern that is being dithered does not change from 

one switching cycle to the next; 

• There are no variations in the requirements on average quantities such as the duty ratio; 

• At each new cycle, the same probabilistic structure is used. The dithering (in time) is 

based on independent trials. 

In this context, we can classify the randomized modulation strategies as stationary.  
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Fig.14. (a) The nominal switching function, 𝑠𝑓(𝑡); (b) the pulse, 𝑢𝑘(𝑡 − 𝜉𝑘), representing 𝑘 cycles of 𝑠𝑓(𝑡). 

Fig. 14, 𝜉𝑘 , is the time at which the, 𝑘 cycle starts. 𝑇𝑘, is the duration of the, 𝑘 cycle. 𝑎𝑘, is the 

duration of the on-state within this 𝑘 cycle, and, 𝜀𝑘, is the delay to the turn-on within the 𝑘 

cycle. The duty ratio can be express by, 𝑑𝑘 = 𝑎𝑘/𝑇𝑘 , and the, 𝑠𝑓(𝑡), consists of a concatenation 

of 𝑘 cycles. According [28], [48]-[21], [54], [55], some combinations used in power converts 

are: 

• randomized pulse point modulation (RPPM): 𝜀𝑘, changes. 𝑇𝑘, and 𝑎𝑘, fixed;  

• RPWM: 𝑎𝑘, changes. 𝜀𝑘 = 0. 𝑇𝑘, fixed; 

• simplified asynchronous modulation: 𝑇𝑘, changes. 𝑎𝑘, fixed; 

• asynchronous modulation: 𝑇𝑘, changes. 𝜀𝑘 = 0. 𝑑𝑘, fixe. 

The, 𝑢𝑘(𝑡 − 𝜉𝑘), denoting the single pulse waveform, we can write the switching function as: 

𝑠𝑓(𝑡) = ∑ 𝑢𝑘(𝑡 − 𝜉𝑘)

∞

𝑘=−∞

 
 

(27) 

where, 𝑈𝑘𝑓, denote the Fourier transform of, 𝑢𝑘(𝑡).  

The power spectrum of, 𝑠𝑓(𝑡), can be computed according to procedures described in [28], [56]- 

[57]. This procedure in effect computes the autocorrelation and takes its Fourier transform, 

precisely as required by the definition of the power spectrum (expression 1). According 

mentioned in [28], alternatively, one could derive the power-spectrum using the Wiener–

Khintchine relation, expression (28). 

𝑆𝑞(𝑓) =
1

𝑇
∑ 𝐸[𝑈0(𝑓)𝑈𝑘

∗(𝑓)𝑒𝑗2Π𝑓(𝜉𝑘−𝜉0)]

∞

𝑘=−∞

 
(28) 

where 𝑇 is 𝐸[𝑇𝑘], is the expected duration of a cycle. 

The expression (28) presented a general function, where 𝑈𝑘𝑓 is a function of 𝜀𝑘 , 𝑎𝑘 , 𝑑𝑘, 𝑇𝑘,. 

These expression applications for any stationary randomized modulation strategies must 

consider the desirable properties of power spectra are dependent on randomization parameters. 
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The Fig. 15(a) shows the spectrum of EMI noise shape of voltage output for a standard PWM 

and for RPWM with the switching frequency of 70kHz implemented in one Buck-Converter 

with 𝐷 = 0.50, using the Simscape library from MatLab, and in accordance with CISPR A 

standard 

 

Fig. 15. EMI Noise shape of output voltage: a) Spectrum for a PWM and RPWM and b) Spectrogram for 

RPWM. 

Fig. 15(b), shows the spectrogram of EMI noise shape of voltage output for an RPWM, where 

is possible to note (also in Fig. 15(a)) that randomization process introduces the continuous 

EMI noise shape, and in low-frequencies, the EMI noise shape follows oscillatory mode with 

their noise value decreasing across the spectrum. 

It is essential to note that the PWM and RPWM [48]-[51], could be considered as 

complementary techniques, since the process to generate control signal is basically the same, 

only with difference on the comparator reference; triangular waveform (in case of PWM) or 

random distribution (in case of RPWM).  

3.5.4 Sigma-Delta Modulation 

According to discusses in the previous sections, PWM and RPWM vary its duty cycle to control 

the ratio of the on-state and off-state of the power transistor and adjust the output voltage level 

A 

B 
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of the converter. Also, the standard control strategy to generate the control signal used for 

switch modulation is based on the comparator, where; the triangular waveform (in case of 

PWM) or random distribution (in case of RPWM) is compared with the 𝐷 command. On the 

other hand, the control strategy to generate the control signal with SDM is based on three 

blocks. They are the subtract block (delta), the integrator block (sigma) and the quantizer, 

according shown in Fig. 16.  

 

Fig.16. Diagram of Sigma–delta modulator 

The modulator uses a high gain loop to digitize the input signal 𝑥. The integrator block 

contributes the gain 𝐴. 𝐴 is very large in the low-frequency band and attenuates according to 

switching frequency, and their multiple harmonics arises. This means that the output of the 

modulator almost equals the input signal 𝑥 in the low-frequency band and differs much with it 

in the high-frequency band [56]-[58]. In the frequency domain, the undesired contents are 

moved out from the low-frequency band to the high-frequency band. In the low-frequency 

band, the transfer function of the sigma-delta modulator can express by (29). 

y =
𝐴

𝐴 + 1
𝑥 +

𝐴

𝐴 + 1
𝑒 ≈ 𝑥 +

1

𝐴
𝑒 

(29) 

where 𝑒 is a quantization error.  

Feedback control circuit (Fig.16) measure, amplify and digitize the difference between the 

output voltage of the converter and the reference voltage, to generate the control signal for the 

power transistor driver. Also, the frequency compensator makes sure that the closed-loop has 

enough phase margin to maintain the stability of the DC-DC converter. 

The Fig. 17(a) shows the spectrum of EMI noise shape of voltage output for a standard PWM 

strategy and for SDM with the switching frequency of 70kHz implemented in one Buck-

Converter with 𝐷 = 0.50, using the Simscape library from MatLab, and in accordance with 

CISPR A standard.  
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Fig. 17. EMI Noise shape of output voltage: a) Spectrum for a PWM and DSM and b) Spectrogram for DSM. 

Fig. 17(b), shows the spectrogram of EMI noise shape of voltage output for SDM, where is 

possible to note (also in Fig. 17(a)) that SDM creates communication channels by producing 

spectral nulls at the switching frequency and their multiple primary harmonics. At the same 

time, it maintains the continuous spectrum and low noise levels, similarly to the RPWM. 

3.5.5 EMC Considerations  

According to computer simulations presented and discussed in the previous sections, standard 

PWM with a programmed switching frequency generate harmonics in the spectrum of 

converter voltages and currents. RPWM techniques allow the elimination of the harmonics, 

resulting in a continuous spectrum of EMI noise. Besides the SDM introduces a continuous 

spectrum of EMI noise, it also allows the removal of EMI noise at a specific range of 

frequencies.  

In this context and according to the definition adopted by IEEE, electromagnetic compatibility 

means "the ability of a device, equipment, or system to function satisfactorily in its EM 

environment without introducing intolerable electromagnetic disturbances to anything in that 

environment," Fig. 18 present the spectrum for a defined range, up to 500kHz. Typically, this 

range of frequency is used in the industry environments for well-sensitive telecommunication 

A 
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devices, and considering our simulation is the range of frequency of switching frequency and 

their multiple primary harmonics. 

 

Fig.18. EMI noise in the spectrum for a defined range, up to 500𝑘𝐻𝑧. 

Fig. 18 shows that considering the PWM, the EMI noise shape distribution is as expected, high 

dB peaks corresponding to the switching frequency and their multiple harmonics. Both RPWM 

and DSM modulations introduce EMI noise shape from the frequency spectrum continuously. 

However, SDM enables communication channels by producing spectral nulls at the switching 

frequency and their multiple primary harmonics. 

From the EMC point of view, EM environments that have telecommunication devices, using 

specific spectrum bands for communication, data sending, etc., they can be benefited from 

spectrum-sharing strategies or spread spectrum instead of standard modulation strategies. In 

this context, through the measure of complementary cumulative distribution (CCD), we can 

know the probability of a signal's instantaneous power to be a specified noise level above its 

average power.  

The measure of CCD can validate the adoption of spread-spectrum or spectrum-sharing 

techniques in limited space environments. Model the EMI noise shape from a specific band 

means moving it to another band in the same spectrum. In this context to know how much the 

signal power will exceed its average, and what`s is the probability, can be very useful for PEI 

designs in Smart Cities environments. Fig. 19 shows the CCD of EMI noises analyzed. 
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Fig.19. The measure of complementary cumulative distribution.  

Fig. 19 presents the relationship between probability (%) vs. dB above-average power. Despite 

presented high dB peaks (Fig. 13 (b)), the EMI noise shape with PWM, when analyzed over 

the whole spectrum, maintains an almost linearity, with a lower probability for high dB values. 

RPWM follows PWM at low-frequency band; however, the spread spectrum technique effect 

observed in Fig. 15 (b), can also be seen by the probability distribution in Fig. 19. The 

introduction of EMI noise shape continuously over the whole spectrum spreads the high dB 

peaks in the intermediate bands, thus decreasing the probability of high dB values in these 

bands. However, increasing the probability of high dB values at the high-frequency band.  

Fig. 19 also shows the communication channels created by spectral nulls at the switching 

frequency and their multiple primary harmonics with SDM, and the increasing probability of 

lower dB values at low-frequency band, due to the effect of attenuation according to switching 

frequency, and their multiple harmonics arise. Fig. 17(b) also shows this effect. Moreover, 

SDM decreases the probability of high dB values for intermediate bands. This happens due the 

undesired contents are moved out from the low-frequency band to the high-frequency band, 

which explain the high probability for high dB values in the high-frequency band.  

3.5.6 Additional Research on Modulation Based on Markov Chains 

We briefly review some definitions from the field of Markov chain analysis. For a complete 

review, see for example [28], [48]-[21], [54], [55]. A switching waveform segment of length, 

𝑇𝑘, is associated with the Markov chain being in the, 𝑘, states, 𝑘 ∈ 1, … , 𝐾. Concatenation of 

these segments yields a continuous-time switching, (0-1) waveform, 𝑠𝑓(𝑡), that is associated 

with the evolution of the chain. 
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The classification of Markov chain with finitely many states is ergodic if it is irreducible and 

aperiodic (no periodic states). In this case, limiting state probabilities exist, the limiting state 

probability, Π𝑘, of the state, 𝑘, being the probability that the chain is in state, 𝑘, after a great 

many state transitions. This quantity is independent of the initial state under ergodicity 

assumptions. 

The switching waveform 𝑠𝑓(𝑡) is given by: 

𝑠𝑓(𝑡) =  ∑ 𝑢𝑋𝑖(𝑡 − 𝜉𝑖)

∞

𝑖=−∞

. 

 

(30) 

where, 𝜉𝑖 , denotes the, 𝑖, transition (cycle beginning) and, 𝑋𝑖, denotes the state of the Markov 

chain in that cycle. 𝑠𝑓(𝑡), is defined for, 𝑡 ≥ 𝜉0, and for convenience, 𝜉0 = 0, so that 𝑠𝑓(𝑡), is 

defined, 0 ≤ 𝑡 < ∞. The length of the, 𝑖, the interval is, 𝜏𝑖 = 𝜉𝑖+1 − 𝜉𝑖, and its possible lengths 

are the state-dependent, 𝑇𝑘, 1 ≤ 𝑘 ≤ 𝐾. The sequence, {(𝑋𝑖 , 𝜏𝑖); 0 ≤ 𝑖 ≤ ∞}, is known as a 

Markov renewal process [28], [59], while the switching waveform, 𝑠𝑓(𝑡), defined in (30) is 

known as a market point process [28], [59]. 

The concept of Ergodic Markov chains (i.e., irreducible and aperiodic chains) is broadly used 

to analyze the continuous-time switching related with a 𝐾-state discrete-time Markov chain. 

The chain is characterized by the 𝐾 x 𝐾 state transition matrix 𝑃 and by the corresponding 

steady-state probability vector, Π. The switching cycles generated in different states with 

different lengths, 𝑇𝑘, can be allowed, but require that these be integer multiples of a greatest 

common divisor, �̂� (i.e., 𝑇𝑘 = ℓ𝑘�̂�, ℓ ∈ ℕ). We also define, �̃� = ∑ Π𝑘T𝑘
𝐾
𝑘=1 . Note that, �̃�, is 

the expected time between transitions. Let the (0–1) waveform in the switching cycle of 

duration, T𝑘, associated with state, 𝑘, be u𝑘(∙), and let 𝑢(∙) be a 𝐾-vector with entries u𝑘(∙). 

There are a most citation researchers [28], [59], [60] that presented the detailed derivation of 

spectral formulas to find the autocorrelation of the continuous-time waveform generated by the 

Markov chain, using the expression (30). To that order, let us introduce the following notation, 

the detailed derivation can be found on these mentioned researchers: 𝑈(𝑓) is the Fourier 

transform of the 𝐾-vector 𝑢(∙) of waveforms u𝑘(∙) associated with various states; Θ =

𝑑𝑖𝑎𝑔(Π); �̂�(𝑓) = 𝑑𝑖𝑎𝑔(𝑒−𝑗2Π𝑓𝑇𝑘)𝑃; G(𝑓) = (𝐼 − �̂�(𝑓))−1(where defined). The result of the 

continuous power spectrum is: 

𝑆𝑐𝑞(𝑓) =
1

�̃�
𝑈(𝑓)𝐻[Θ𝐺(𝑓) + (Θ𝐺(𝑓))

𝐻
− Θ]𝑈(𝑓) 

 

(31) 

while the result for the intensities of the impulses (“lines” in the discrete spectrum) is: 

 𝑆𝑑𝑞 (
𝑘

�̂�
) =  

1

�̃�2 |Π𝑈 (
𝑘

�̂�
)|

2
,          𝑘 ∈ ℕ.  

 

(32) 

Results for a more complicated case of periodic Markov chains (i.e., inverters) are given in 

[61]. Note, while the criterion functions are defined in the frequency domain, the design is 
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performed in the time-domain. This makes the optimization problem difficult. Also, transition 

matrix variations have effects mostly on wide-band criteria, but their overall effectiveness is 

limited. The real importance of the transition matrix optimization is in the time domain, where 

it influences the ripple.  

3.5.6.1 Concept of Switching Governed by a Markov Chain 

The core of this item is understanding the switching actions on the context of Markov Chain. 

This comprehension is essential to know to the behavior of the nominal switching function, 

𝑠𝑓(𝑡), and consequently, the background to characterize the, 𝑠𝑓(𝑡), in the frequency domain. The 

primary reference to present the following developments is the researcher [28]. 

Therefore, suppose we have two kinds of duty ratios, 𝐷, in a dc/dc converter. The long 𝐿 with, 

𝐷 = 0.75; and short 𝑆 with, 𝐷 = 0.25. Despite the duty ratios have an average of 0.5, we want 

to discourage long sequences of pulses of the same kind, thus preventing ripple buildup. A 

four-state Markov chain is corresponding to the following policy. 

The controller observes the two most recent switching cycles, and if they are 𝑆𝐿 or 𝐿𝑆, then 

either of the pulses is fired with probability 0.5 for the next cycle. If the pair observed is 𝐿𝐿, 

then an 𝑆 pulse is applied with probability 0.75 (and an 𝐿 pulse with probability 0.25). If the 

pair observed is 𝑆𝑆, then an 𝐿 pulse is applied with probability 0.75 (and an 𝑆 pulse with 

probability 0.25). This chain is presented in Fig. 20. 

As observed in Fig. 20, the switching waveform, 𝑠𝑓(𝑡), is generated by piecing together 

switching cycles, (𝑢𝑘(𝑡)), corresponding to the 𝐾-states, successively visited by the chain, 𝑘 ∈

(1, … , 4). We also defined 𝑃 as 4 x 4 state-transition matrix, and its the (𝑘, 𝑙) entry is the 

probability that at the next transition the chain goes to state the 𝑙, given that it is currently in 

state 𝑘: 

𝑃 =  [

1/4 3/4 0     0
0 0 1/2 1/2

1/2
0

1/2
0

0
3/4

0
1/4

]  

 

(33) 

Note that each row of, 𝑃, sums to 1; 𝑃 is thus a stochastic matrix, and therefore has a 

nonrepeated eigenvalue, 𝜆1 = 1, (with corresponding right eigenvector 14 = [1111]𝑇) and all 

other eigenvalues with moduli strictly less than 1. The steady-state probabilities corresponding 

to, 𝑃, which can be interpreted as the fraction of a (large) total number of state transitions that 

the chain spends in state 𝑘, and can be express:  

Π𝑃 =  Π,       ∑ Π𝑘 = 1

4

𝑘=1

  

 

(10) 

 

where Π = [0.2 0.3 0.3 0.2]. 
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Thus, Π, is the left eigenvector of; 𝑃, corresponding to eigenvalue, 𝜆1 = 1. For later use, we 

define the vector 𝑢(∙), of switching cycles wherein the example u1(𝑡) = 1, for 0 ≤ 𝑡 ≤

(3/4)𝑇, and u1(𝑡) = 0, for (3/4)𝑇 ≤ 𝑡 ≤ 𝑇, etc.  

 
Fig. 20. Concept of Switching Governed by a Markov Chain. 

The conclusion of the most references analyzed, suggests a decomposition of the Markov chain 

optimization problem into two subproblems: 

• The transition matrix optimization, and it is concerned mostly with time-domain 

requirements (ripple control), and to a certain extent with the wide-band constraints in 

the frequency domain; and;  

• The optimization of the waveforms at each state, and its primary effects are in satisfying 

the narrow-band requirements. The proposed decomposition could significantly 

improve the tractability of the optimization of Markov chains with many states. 

4 Conclusion 

This report presented prospective research on EMC and EMI issues with a focus on the switch 

control strategies and DC-DC system (modeling and simulation), to more comprehension on 

the techniques about spread spectrum, sharing spectrum and EMI noise mitigation, that might 

be interesting for designers to reach the EMC assurance.  

The investigation present in section 5.5 shows that the main benefit from randomized switching 

strategies is better utilization of the available harmonic content. When compared with 

deterministic switching strategies, the effect of randomization generates a reduction of the 

discrete and introduction of a continuous spectrum. The key difference lies in the requirements 

of each application, i.e., the tight control in the voltage level of an inverter is not as important 

as that in a switched PEI. For the other hand, DSM has been shown to suppress the specified 
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frequency components effectively. SDM strategies are also used to attenuate the discrete EMI 

noise spectrum, equal to RPWM and to create spectral nulls at specified frequencies, based on 

a feedback control circuit. The spectral-null strategy may find several applications, notably for 

lower frequencies applications.  

Thus, switch control strategies with spectrum-sharing and spread spectrum techniques is not 

merely a way to take advantage of existing regulations, but also a flexible approach to 

minimizing EMI undesirable effects. The choice of better EMI noise shape, considering PEI 

requirements and EM environment can be made, even taking into account the switch 

modulation strategies to improve EMC compliance.  

Also, it's important to note that the lowering of maximum levels of EMI noise, caused by even 

distribution of interference over frequency range in the case of RPWM and DSM, does not 

imply lowering of interference waveforms in the time domain. There are significant switching 

losses associated with dv/dt and di/dt. Several issues are responsible for these losses, such 

characteristics of power transistors, control signals, gate drives, stray parameters, and operating 

points of the systems, according to deep investigate presented in the section from 5.1 to 5.4.  

Moreover, according to the investigation present in the section from 5.1 to 5.4. The choice of 

the most convenient EMI mitigation techniques depends on the target of the PEI project. 

Nowadays the high-speed semiconductor switches with their modulations techniques have 

become on the most critical problem and phenomena related to EMI into the smart-grids. In 

this context, it highlights some remarks:  

• Switching frequency and modulation strategies should be determined based on ripple 

magnitude on the output voltage, total losses, ambient temperature, thermal resistance 

between power switches and ambient, and size and cost of the passive EMI filter, and 

EMC compliance; 

• Switching time can be chosen considering the: Switching losses, maximum dv/dt or di/dt 

values of power switches, overvoltage, and leakage current magnitudes which affect 

passive EMI filter size and cost. 

5 Future research 

As future development, we start the hardware implementation with National Instruments 

drives. The core proposal is to implement the switch control strategies presented in this report 

(it was performed only in MATLAB) into LabVIEW, considering co-simulation with NI 

Multisim and interface with FGPA drive (see Fig. 21, and Fig 22). This hardware 

implementation will provide support to confirm all modeling and simulation results presented 

in this report, in a real power electronics converter. Besides computer simulations of others 

random distribution (in case of RPWM), improve the order of DSM (number of gains), and 

also the implementation of randomized modulation schemes based on Markov. 
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Fig 21, shows the hardware implementation set-up  

 

Fig. 21, shows LabVIEW and NI Multisim co-simulation: a) PWM implemented into a LabVIEW with EMI 

measurement. b) Power Electronic design into a NI Multisim co-simulation.  
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