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Abstract 

Power Line Communication (PLC) technologies are used in many applications and offer the 

advantage of utilizing existing power cables for both power and data transmission, thus minimizing cost 

and complexity. Nevertheless, PLC technology requires further investigation to solve possible co-

existence issues due to the noise coming from power electronics converters. This thesis presents an 

activity carried out to study the interference between coexisting power converters and nearby 

communication systems such as PLC. Therefore, the thesis first discusses the modelling of noise sources 

mainly power electronics converters. In this regard, both white-box and black-box modelling techniques 

are investigated in detail considering their application in predicting electromagnetic interference (EMI) 

emissions in complex networks such as the Low Voltage (LV) distribution network. More specifically, 

the white-box modelling approach is implemented to study conducted emission (CE) propagation from 

the LV network to the main grid with the help of PSpice MATLAB co-simulation, where different noise 

sources are modelled in PSpice considering parasitic elements and MATLAB Simulink is used to 

implement control schemes for synchronization. The effects of the shunt capacitors, circuit breakers, 

transmission lines and power factor of the loads on the CE propagation of the LV network to the main 

grid are discussed in detail. 

However, black-box modelling is applied to a three-phase inverter, by implementing an alternative 

procedure to identify the parameters describing the active part of the model. Besides, two limitations of 

black-box modelling are investigated. The first regards the need for the system to satisfy the linear and 

time-invariant (LTI) assumption. The influence of this assumption on prediction accuracy is analyzed 

with reference to the zero, positive and negative sequence decomposition. It is shown that predictions 

for the positive/negative sequence are highly influenced by this assumption, unlike those for the zero 

sequence. The second limitation is related to the possible variation of the mains impedance, which is 

not satisfactorily stabilized at low frequency, that is outside the operating frequency range of standard 

line impedance stabilization networks.  

The thesis also discusses both the simulation and experimental activities towards finding 

alternative ways of reducing the CE of power converters by using Random Pulse Width Modulation 

(RPWM) scheme. The analysis is carried out by using PSpice-Simulink co-simulation in order to 

achieve effective modelling of the converter on the one hand (PSpice), and easy implementation of the 

modulation scheme on the other hand (Simulink). Both simulation and experimental results entailed 

that RPWM resulted better attenuation of the noise of power converters compared to the conventional 

Pulse Width Modulation Scheme (PWM). 

 Besides, this thesis reports the activity carried out to evaluate the interference between randomly 

modulated power converters and PLC systems. To this end, both software simulations and experimental 

tests have been carried out with the final goal of understanding the conditions under which RPWM 

schemes can be considered as an effective alternative to conventional PWM in applications involving 

PLC systems. In details, the effects of different RPWM parameters such as switching frequency, 

spreading factor and random number update rate on the G3-PLC are investigated. In addition, different 

RPWM schemes such as Random Frequency Modulation (RFM) and Random Pulse Position 

Modulation (RPPM) are compared in terms of performance so to highlight which RPWM is best suited 

to assure coexistence with PLC systems. The impact of RPWM on the communication channel is 

evaluated in terms of Frame Error Rate, Channel Capacity and Channel Capacity Loss metrics. 

Experimental results confirmed that randomly modulated converters with switching frequencies near 
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the G3-PLC bandwidth can cause more significant disturbance and coexistence issues than switching 

frequencies out of this range. Results also show that the spreading factor and the random number update 

rate of RPWM have a direct effect on the communication channel. Moreover, a trade-off between EMI 

reduction and coexistence issues is observed, i.e., RFM, which is very effective for EMI reduction, is 

found to be very disruptive for G3-PLC compared to alternative random modulation techniques like 

RPPM. 

Eventually, the thesis presents an experimental activity aimed at modelling the G3-PLC modems 

by a black-box modelling approach. Modelling G3-PLC modems is an essential task to investigate 

electromagnetic compatibility (EMC) issues related to the coexistence of the PLC signal with the high-

frequency noise affecting low voltage networks, mainly due to the presence of power converters and 

non-linear loads. Since detailed information on the modem internal architecture is usually not available 

to the end-user, this work investigates the possibility to develop behavioral (black-box) models of G3-

PLC modems, whose parameters can be estimated starting from measurements carried out at the modem 

output ports. To this end, suitable test benches are set up, and used for model-parameter extraction as 

well as for validation purposes. It is proven by experiments that an equivalent representation involving 

non-ideal voltage sources (i.e., in terms of extended Thevenin/Norton equivalent circuits) is no longer 

feasible for the transmitting modem, since the presence of a closed-loop control system invalidates the 

linearity assumption. Hence, while the receiving modem is still modelled through an impedance matrix 

(since it behaves as a linear device), an alternative representation is proposed for the transmitting 

modem, which resorts to the use of two ideal voltage sources in accordance with the substitution 

theorem. Experimental results prove that the proposed modelling strategy leads to satisfactory 

prediction of the currents propagating on the PLC system in the frequency interval of interest. Hence, 

it could be used in combination with high-frequency models of the other components in the network to 

investigate EMC and coexistence of the PLC signal with the high-frequency noise generated by power 

converters. 
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CHAPTER 1  

Introduction 

 

1.1. The PLC technology 

The term Power Line Communication (PLC) is known with a various name like as power line 

carrier, power-line digital subscriber line (PDSL), power line telecom (PLT), power line networking 

(PLN), mains communication, and broadband over power lines (BPL), is the communication 

technology which utilizes the existing power cables for both power and data transmission [1]. Therefore, 

the main power system networks such as transmission and distribution networks can be used besides 

the delivery of DC or 50/60 Hz AC power, as a means of communication medium for both low and 

high-speed data transfer. Since, PLC does not require any installation of new wires which as a result, 

would significantly reduce the deployment costs and can enable communication with hard-to-reach 

nodes where the RF wireless signal suffers from high levels of attenuation like in the underground 

structures or the buildings with obstructions and metal walls, or simply wherever the wireless signal is 

undesirable due to the Electromagnetic Interference (EMI) issues in places like hospitals, PLC is now 

getting much attention in numerous areas of applications. Of course, PLC is not a new concept, and it 

has been used as a communication system by power utilities for command-and-control applications over 

high and medium voltage lines between remote stations in the late 19th century [2].  

Having the advantages of using existing power cables for data transmission, PLC is now getting 

much attention in different applications. For example, broadband internet access can be offered by PLC 

over the distribution network that feeds houses and buildings [3,4]. Of course, there are other 

communication systems which competes PLC such as digital subscriber line (DSL) [5], optical fiber [6] 

and Wi-Fi [7]. However, the exploitation of the power delivery structure, which is widespread 

worldwide, more than the common twisted pair cables or the optical fibers, represents a strength point 

for the PLC technology. Indeed, high speed in-home connectivity was also desirable, allowing the home 

gateway to provide uninterrupted flow of heterogeneous traffic between the outdoor and the indoor 

networks, hence among the service provider and the end user, as a typical DSL internet connection. Wi-

Fi has fostered such a paradigm and it has been largely researched, developed and marketed as stated. 

However, wireless technology may also experience complications, mostly due to unfavorable 

propagation conditions and limited radiated power for safety reasons that do not allow to grant full 

coverage at the promised speeds, e.g., in multiple floor dwellings with the presence of reinforced 

concrete floors [8]. Indeed, PLC protocols with advanced technologies are now becoming common for 

high-speed broadband internet access which can compete with DSL and Wi-Fi [9,10].  

Besides the in-home broadband internet access applications, the use of PLC in Smart Grid (SG) is 

becoming very famous. Indeed, the SG represents one of the most appealing application contexts for 

PLC and, consequently, a lot of effort has been spent by the research community in this area [11,12]. 

In additions the application of PLC in Electric Vehicles (EV) and Home and Industry automation are 

becoming other topics of interests [13-17]. 
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Existing PLC technologies can be categorized depending on the bandwidth in: Ultra Narrowband 

PLC (UNB-PLC), Narrowband PLC (NB-PLC), and Broadband PLC (BPL). UNB-PLC refers to 

systems using very narrow bandwidth for data transmission in the frequency range below 3 kHz and is 

limited to data rates of a few hundreds of bps [18]. NB-PLC refers to systems that work with medium 

data rates in frequency interval between 3 and 500 kHz. This frequency range includes the European 

CENELEC bands, the US FCC band, the Chinese band, and the Japanese ARIB band. Finally, BPL 

encompasses a large variety of systems that aim at high data rates, operating in the frequency range 

from 1 MHz up to 250 MHz [19]. The most common PLC technologies are summarized in Table 1.1 

including application areas. 

Table 1.1: Summary of the most common PLC deployments. 

Category PLC Technology Promoter Standard Band Max.Data 

rate(kbps) 

 

 

 

  

NB-PLC 

OSGP Echelon IEC 14908.1 CENELEC A 

(35-91 kHz) 

3.6 

Meters ENEL CLC TS 50568-4 CENELEC A 

(35-91 kHz) 

9.6 

PRIME PRIME Alliance ITU-T G9904 CENELEC A, 

ARIB &FCC 

Up to 1000 

G3-PLC G3 Alliance ITU-T G9903 CENELEC A, 

ARIB &FCC 

34 

 

 

BB-PLC 

OPERA IBERDROLA  2-18 MHz 10,000 

IEEE1901 IEEE  2-60 MHz 500,000 

ITU-T G.hn ITU-T  2-100 MHz 2,000,000 

HomePlug AV HomePlug  2-30 MHz 200,000 

IEEE1901.1-2008(SG PLC) Huawei  < 12 MHz 10,000 

IEEEP1901.3 (IoTPLC) Panasonic  < 100 MHz Up to 1000,000 
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1.2. PLC Application in Smart Grid 

Communication technologies play a significant role in the SG scenario, as they allow the 

interaction of consumers with energy management systems to ensure the optimal operation of the grid. 

Therefore, applications of PLC in SG's are mainly related to the electricity distribution and 

communication between consumers and the utility. Current examples of these applications are 

Automatic Meter Infrastructure (AMI) systems, EV charging systems, Telecontrol applications, Smart 

Cities, and DG systems [18,20]. For these applications of PLC in SGs, both NBPLC and BPL 

technologies are being used. In fact, most of the Automatic Meter Reading (AMR) deployments 

currently used exploit Narrow Band PLC (NB-PLC) technologies such as PRIME, G3-PLC, or IEEE 

1901.2 for transmitting metering data [21,22]. Table 1.2 shows the frequency bands used by PLC in SG 

applications. 

Table 1.2: Summary of available NB-PLC frequency bands for SG application in different regions of the 

world. 

Region Organization Frequency band (kHz) 

EU 

 

CENELEC A 

CENELEC B 

CENELEC C 

CENELEC D 

3-95 

95-125 

125-140 

140-148.5 

USA FCC 10-490 

CHINA EPRI 3-500 

JAPAN ARIB 10-450 

 

1.3. Main Challenges of PLC in SG applications 

Even if the PLC system uses the existing power infrastructures for data transmissions, there are 

mainly two challenges which limit its application. The first one is associated with the transmission 

medium. Indeed, power supply networks are not suitable for data communication, since the two systems 

are designed for different objectives, e.g., in a power grid, it is very difficult to achieve the condition of 

matching with the terminal loads, which is a prerequisite for transmitting high-frequency signals 

without distortion, especially, in long distances and in high noise environment [23]. For instance, power 

transformers are typically quite poor at transferring frequencies much above 50 or 60 Hz. Besides, the 

limitation of the bandwidths allowed for PLC application in SG as summarized in Table 1.2 

(international standards such as CENELEC in Europe and FCC in US limit the allowed frequency range 

for PLC less than 100 kHz or 500 kHz) restricts not to use the full potential of power lines for PLC. 

Given this limited frequency, alongside with high attenuation rate of power lines, it is not possible to 

obtain satisfying performance from even well-known PLC standards (such as PRIME, G3 and Meters 

& More etc.). 

The second main challenge is associated with the presence of numerous noise sources in power 

grids mainly due to power electronics converters and nonlinear loads such as LED light dimmers, 

electric motors, and noise from switching power supplies. This impulse noise can seriously degrade the 

high frequency communication. So, at best, PLC will experience packet loss greater than most 

competing technologies, and data rates that aren't all that impressive anymore. Of course, there are also 

additional challenges or limitations of the PLC deployments such as low transmission speed, sensitivity 

to disturbance, nonlinear distortion and cross-modulation between channels, large size and the high 

price of capacitors and inductors used in the PLC system [24,25]. 
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Therefore, PLC technology requires further investigation to solve existing limitations. The scope 

of this thesis is limited to the challenges associated with the impulsive noise from power electronics 

converters which create coexistence issues. Hence, the main goal of this thesis work is to study the EMI 

between power electronics converters and PLC systems in SG applications. The effects of other loads 

are not in the topic of interests.  

The presence of power electronics converters in the AC mains represents a source of high 

frequency conducted noise, which may cause coexistence issues with the PLC signal. The supra-

harmonics in the frequency range 2–150 kHz from power converters disturbs the NB-PLC being used 

in SG applications even if the NB-PLC technologies use robust modulation and error correction 

techniques [26,27]. Therefore, it is necessary to study the interference between power and data lines in 

applications where the two systems coexist. 

To study the EMI between coexisting power converters and communication systems in complex 

networks such as in SG, it is tremendously important to derive first the EMI models of both power 

converters and communication systems. This will help to develop strategies to predict and suppress the 

cross interference. Both power converters and communication systems can be modeled using “white-

box” modelling approach where the detail information about circuit components including parasitic 

elements are available. But in practice it is very difficult to get each and every detail of network parts, 

and this kind of modelling is very challenging. Besides, modelling PLC system using white-box 

approach and integrating this model with power system networks for EMI analysis is very challenging 

due to the limitation of available software tools. An alternative way of modelling both the noise source 

and the communication system are to use “behavioral modelling” or “black-box modelling” approach, 

where the noise source can be modelled by looking at only the input output signals without the prior 

knowledge of the components inside the device. This modelling scheme is less complex and provides 

approximate model of the device for EMI analysis [28,29]. 

Besides the EMI modelling, it is necessary to find an alternative way of reducing the EMI of power 

converters than using the conventional EMI filters, especially in applications where size is a great 

concern. EMI filters are widely used for filtering out the EMI noise generated by power converters. 

However, when size is a great concern like aircraft and automobile applications, there should be another 

option to minimize conducted emissions (CE's). One of the practical solutions to suppress CE's is to 

work on the converter's modulation schemes, especially considering the availability of cyber-physical 

systems, which facilitating implementations and cooperation between different systems and controllers 

[30,31]. Pulse Width Modulation (PWM) is used for most converters. In conventional PWM schemes, 

the harmonics power is concentrated on the deterministic or known frequencies with a significant 

magnitude, which leads to mechanical vibration, noise, and EMI. One solution to this problem is to use 

random pulse width modulation (RPWM) schemes. By applying randomness on the conventional PWM 

scheme, the harmonic power will spread out so that no harmonic of significant magnitude exists, and 

peak harmonics at discrete frequency are significantly reduced. Differently from conventional 

modulation techniques, in RPWM, one or more parameters of the switching pulse, such as pulse 

position, switching frequency, or duty cycle, are varied randomly to spread the spectral peaks of the 

noise exiting the converter [32].  

There are also doubts with regards to the advantages/disadvantages of different RPWM in power 

grids involving PLC systems, where spreading of the noise may result an increase in error in the 

communication systems. Indeed, recent study showed that there is an interference between randomly 

modulated power converters and PLC systems [33-35]. Therefore, there is an urgent need to investigate 

the effects of random modulated converters on the coexisting PLC systems to understand the conditions 
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under which RPWM can be considered as an effective alternative to conventional modulation schemes, 

because this topic is relatively new. This includes both simulation and experimental investigations. 

Therefore, this thesis first covers the EMI modelling of noise sources (mainly power electronics 

converters) considering both white-box and black-box modelling approaches with their respective 

applications and possible limitations in the EMI analysis application. Then, the thesis focuses on 

alternative modulation schemes mainly RPWM to reduce the CE's of power converters, both in 

simulation and laboratory experiments, where different RPWM techniques will be compared with 

conventional PWM. Moreover, the coexistence between randomly modulated power converters and 

PLC systems will also be investigated both in simulation and experiment. Finally, this thesis covers an 

activity to find black-box model of G3-PLC systems which can be used in the EMI analysis of complex 

networks for future works. 

1.4. Thesis objectives 

The main objectives of this thesis work are: 

▪ Model source of EMI, mainly power electronic converters using “white-box” modeling 

approach, where detail circuit parameters are available, and by using “black-box” modelling 

approach by looking at the input/output parameters, where the details of circuit components are 

not available. Then, use the EMI model of noise sources in the CE prediction of complex 

networks such as Low Voltage distribution networks and Photovoltaic based distributed 

generating units. 

▪ Finding alternative ways of reducing the EMI of power converters using Random Pulse Width 

Modulation (spread spectrum) techniques.  

▪ Model and study the coexistence issues between power converters and communication systems 

in application where the two systems coexist such as PLC system in SG applications. 

▪ Find suitable black-box model of G3-PLC system. 

1.5. Thesis organization 

This thesis is comprised of six chapters. The first chapter serves as an introduction to the thesis 

where common issue regarding the coexistence between the power and data lines were outlined. 

Chapter 2 presents the EMI modelling of power electronics converters using both “white-box” 

and “black-box” modelling approach and their use in predicting EMI in a low voltage distribution 

network is outlined. Besides, the advantages of using different software virtually such as MATLAB-

PSpice co-simulation in performing nearly practical EMI simulation is addressed. 

Chapter 3 discusses the alternative ways of reducing EMI of power electronics converters using 

Random Pulse width Modulation (RPWM) scheme is discussed in detail. This chapter covers both 

simulation and laboratory experiment activities to study the benefit of using RPWM to reduce the CE 

of power converters. 

Chapter 4 summarizes the coexistence issues between randomly modulated power converters and 

coexisting PLC systems. Both simulation tools and laboratory experimental results are reported in this 

chapter. Besides, the main parameters of RPWM which affects the coexistence more are outlined. 

Chapter 5 presents the experimental test campaign to find black-box model of the G3-PLC 

modem, with the final goal of using the black-box model in the coexistence issue assessment of complex 

power system networks such as SG. 

Chapter 6 reports the conclusion and future works of this thesis.
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CHAPTER 2 

Modelling of EMI sources 

 

2.1.  Modelling of EMI sources 

In order to predict the EMI induced on the data lines, the noise source should be modelled as the 

first step. Different modelling techniques can be used to model the noise source mainly the power 

converters. When accurate data of the converter are available, the converter can be modelled through a 

white-box modelling approach. However, when the structure of the converter is not known, a black-box 

modelling approach is the preferable solution. The following sections outlines an activity to use both 

white-box and black-box modelling approaches for EMI analysis. 

2.2.  White-box modelling of power converter 

White-box models are circuit models, including parameters representative for the functional 

behaviour of the converters as well as the control system. They are derived based on the available 

manufacturer data and circuit element specifications. However, most of the time it is very difficult to 

obtain the required information on the internal architecture and specifications of the converters from 

the manufacturers. This is especially true for those circuit components representative for parasitics, 

which can hardly be estimated even by measurement. This makes it very difficult to apply this modelling 

techniques for EMI prediction. For simple converters, the white-box model approach provides the most 

versatile solution for EMI prediction. However, such an approach becomes quite complex as the number 

of semiconductor devices increases and it may lead to convergence issues in simulation.  

Modern simulation software like SPICE software helps to integrate the non-ideal model of circuit 

components such as resistors, inductors, capacitors and switching devices, (diodes, IGBTs and 

MOSFETs) so that nearly practical simulation can be performed. This improves the simulation model 

accuracy specially in EMI simulations where the main parasitic elements of the switching devices play 

significant role. For example, the SPICE model of wide band gab semiconductor devices such as SiC 

and GaN can be easily downloaded from their manufacturers and can be used in PSpice. However, 

sometimes the system under analysis can be very complex to model using only one software. Though 

PSpice is very powerful in modelling circuit elements with nearly practical representations, it is not 

convenient to apply different controllers i.e., it is very hard to implement RPWM using PSpice. 

Moreover, it is very hard to model power system networks like distribution networks with many inverter 

systems, due to synchronization difficulties. This can be improved by using PSpice SIMULINK co-

simulation, where PSpice is used to model the circuit components considering parasitic elements, and 

SIMULIK is applied to implement control circuit such as synchronization and RPWM. By doing so the 

accurate modelling of power system networks can be achieved and the EMI analysis can be carried out 

easily.  

In this regard, a collaboration activity between Polimi EMC group and Ricerca sul Sistema 

Energetico (RSEspa) held to model and predict the EMI of a low voltage (LV) distribution network. 

The main objective of this collaboration work was to provide different EMI models (both time domain 
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and frequency domain) of the LV network, and to assess the effects of different components of the LV 

network such as photovoltaic (PV) panels, transmission lines, circuit breakers and power factor 

correction capacitors (PFC), on the propagation of CE to the main grid. Therefore, detail analysis was 

carried out considering time domain simulation (white-box modelling using PSpice Simulink co-

simulation) and using frequency domain simulations (Ansys and MATLAB). In this section, only the 

simulation campaign towards the white-box modelling approach is presented (the frequency domain 

analysis is not presented here for brevity). 

2.2.1.  Description of the System under Analysis     

The schematics of the Low Voltage (LV) network which is considered in this work is shown in 

Figure 2.1. There are three load branches (L1, L2, and L3) connected to the busbar (S0), which is 

supported by the transformer and Medium Voltage (MV) grid (branch L0). For some load branches, 

there are renewable energy PV systems, linear loads, and power factor correction (PFC) capacitors at 

AC
DC

AC
DC

AC
DC

AC
DC

C1

MV Grid

T0

L0

I0S0

I1 I2 I3

L3L2L1

IPV1

IPV2

IPV3A IPV3B

IU1 IC1

U1

PV1 PV2

PV3A PV3B

U2
C2

IU2 IC2
I3A I3B

L3A L3B

U3A U3B C3B

IU3A IU3B IC3B

 

Figure 2.1: Schematics of the LV network which will be considered in this work. 
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Figure 2.2: Schematics of the PSpice-Simulink co-simulation. 

the terminal of each power transmission line. The shunt capacitor is used to improve the load power 

factor to a desired level. For branch L3, there are two sub-branches (L3a and L3b). The profiles of the LV 

network components such as the loads, shunt capacitors, transmission lines, circuit breakers and the 

transformer are summarized in Appendix A1. 

The LV network modeling and its EMI analysis are carried out by using PSpice-Simulink co-

simulation to achieve effective modelling of the inverter, transmission line and shunt caps on the one 

hand (PSpice), and easy implementation of the modulation scheme to synchronize the PV inverter with 

AC grid on the other hand (Simulink) as shown in Figure 2.2. The non-linear characteristics of the 

inverter, transformer, load and shunt caps as well as their parasitic elements will be considered by the 

PSpice model. PSpice is preferable to model a converter, since it allows performing realistic simulations 

based on actual specification and datasheet of components like IGBTs, diodes, inductors, and 

capacitors. However, Simulink offers more freedom on signal visualization compared to PSpice 

software and easier to implement the control system (i.e., the PWM signals). The time domain 

simulations are post processed and converted to frequency domain using FFT. 

2.2.2.  Modelling of the Distribution Network 

2.2.2.1.  Photovoltaic system 

Without loss of generality, a three-phase inverter connecting a PV panel, along with an LCL filter, 

is modeled as the PV system. The principal drawing of this system is illustrated in Figure 2.3. The 

complete circuit model of this system, including functional parts and parasitic components, will be 

implemented in SPICE and used in the time-domain simulation approach. The solar panel Photo watt 

Technologies (Isère, France) PW 1650-24 V, whose parasitic parameters are adopted from [36], is used 

to construct the PV array for the system. In this work, the PV array contains 32 PV panels in series to 

provide the proper DC power supply. The circuit model of the PV panel including the parasitic elements 

is highlighted in Figure 2.4 (a). Besides, the three-phase inverter augmented with parasitic elements 

considered in this work is shown in Figure 2.4 (b) [37] (parasitic elements are summarized in Appendix 

A1). The inverter switch at 5 kHz switching frequency with conventional Sinusoidal Pulse Width 

Modulation (SPWM). Moreover, an LCL filter (see Figure 2.5) is designed according to the IEEE std. 

519/2014  and P1547-2003 requirements [38] and by following the procedures in [39].  

▪ PWM controller 

▪ Signal visualization 

Model of  

▪ PV + Inverter 

▪ Shunt capacitor 

▪ Trx line 
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Figure 2.3: Principle drawing of a grid-connected three-phase inverter system. 
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                                                                   (b) 

Figure 2.4: Circuit representation of (a) PV panel; and (b) three phase inverter, where parasitic elements are 

outlined in red.  
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Figure 2.5: Circuit model of the LCL filter. 

2.2.2.2.  Linear Loads and Power Factor Correction Capacitors 

From the nominal operating condition of the linear loads in Appendix A1, the equivalent RL 

circuits can be obtained as shown in Table 2.1. In the simulation, these RL-circuit representations are 

used for time-domain and frequency-domain simulations.   

Table 2.1: Parameters of the equivalent RL circuits of linear loads 

Load R (Ω) L (mH) 

U1 2.048 4.889 

U2 1.778 3.508 

U3A 4.320 6.661 

U3B 5.121 12.226 

The function of PFC capacitors is to improve the power factor of linear load to the required values 

(0.9 in this case). It is worth mentioning that the connection of PFC capacitors is very important in the 

EMC point of view. For instance, the grounded star connection type provides a path to the ground, 

which is absent in the delta connection. Besides, the non-ideal behavior of the PFC capacitors at high 

frequency due to the equivalent series inductor (ESL) and equivalent series resistor (ESR), may cause 

significant issues for the propagation of the CE.  

2.2.2.3.  LV Power Transmission Lines and Busbar 

The power transmission lines, and busbar are important ingredients for the analysis of CE's 

propagation. For instance, different placement of cables can cause different per-unit-length (p.u.l) 

parameters, which affect the characteristic impedance of the cable. Besides, cable lengths determine the 

total chain parameters, which eventually reflect on the propagation of the CE's. The p.u.l parameter of 

each branch line has been determined by using Ansys software. Since the RLGC parameters are 

frequency-dependent, the values are extracted at the frequency of 1 MHz (the CE analysis is up to 1 

MHz). Moreover, the cables are represented by a cascaded lumped circuit model to avoid convergence 

issues in PSpice. For instance, for the cables with 70 or 80 meters, the cascaded cable length is chosen 

as 10 meters, since the length of each cascaded section should be much smaller (10 times) than the 



White-box modelling  

11 

 

wavelength of the maximum frequency of interest (in this case the section length should be chosen less 

than one-tenth of the wavelength at 1 MHz). 

2.2.2.4.  Circuit Breakers 

The circuit breakers are modeled for three statuses: close, ideal open, and non-ideal open. For the 

close status, it is regarded as a perfect conductor, i.e., there is no voltage drop across the circuit breaker. 

For the ideal open status, it is considered as an open circuit, i.e., there is no current going through the 

circuit breakers. It is noted that the circuit breakers may not behave as the ideal open status in the real 

application [40], the non-ideal open status of the circuit breaker is modeled as a small capacitance Ci 

between the breaking terminals as shown in Figure 2.6. This capacitance plays a significant role in the 

CE analysis, especially at high frequency because the CEs may propagate through this capacitor even 

if the circuit breaker is switched off. Thus, it is necessary to study the effects of the non-ideal switched-

off status when some branches are working in an island mode.  

 

 

 

2.2.2.5.  Power Transformers 

The transformer model suitable for this analysis is selected from the available white-box model 

[41]. The adopted transformer model (see Figure 2.7) utilized the intelligent optimization algorithm to 

obtain the equivalent circuit up to 1.2 MHz (including both functional and parasitic elements). It is 

worth mentioning that, in general, the model of the power transformer depends on its specifications, 

such as rated power, current, and internal structure. Even the same model type from the same 

manufacture can show slight differences in the characteristics. The equivalent circuit parameters of the 

selected transformer can be inferred from [41]. 
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Figure 2.7: Transformer model considered in this work. 

Figure 2.6: circuit model of circuit breaker considering no ideal behavior. 
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2.2.2.6.  Equivalent Model of the MV Network 

The MV network is approximated by equivalent R and L values referred to the HV side as a 0.12 

Ω resistor in series with a 2.5 mH inductor for each phase. 

2.2.3.  Development of Simulation Tools for the Analysis of the Propagation of Disturbances 

  The LV network is modeled using PSpice SIMUINK co-simulation. Figure 2.8 shows the PSpice 

model of the LV network with all the parts discussed in sub-section 2.2.2. However, MATLAB 

Simulink is used to synchronize the PV panels with the main grid. Figure 2.9 shows the control circuit 

implemented in SIMULINK where the PSpice system block represents all the circuits modeled in 

PSpice. The phase-locked loop determines the grid frequency, and this frequency is used to control the 

PWM signals of the inverters so that the inverter and the grid are kept synchronized. Moreover, the 

PSpice system block allows to export any of the intended currents and voltages (in the time domain), 

and this is convenient to post-process using MATLAB. 

Figure 2.10 (a) shows the LV grid and the PV panels phase-to-phase voltages before they are 

connected together. As it can be seen, the two voltages are synchronized at the steady state (the PV 

panels can be connected to the LV). Besides, Figure 2.10 (b) shows the currents drawn by the loads 

which are synchronized, and their magnitudes are also in line to the data provided in the Appendix A1. 

Therefore, the model can be used to predict CE to the Grid and is ready to be used for further analysis. 

2.2.4.  Result and Discussion 

In this section, the obtained results from the simulation are discussed in detail. Since reporting all 

the analysis and results will make this report vague, only simulation results associated with one branch 

(L1 with load and PFC) is presented where the other two branches (L2 and L3) are disconnected. 

Moreover, only the results concerning the effects of the PFC and circuit breaker, on the propagation of 

CEs are presented for brevity. Therefore, the following three cases are presented. At the beginning, the 

effects of the connection of the PFC (star and delta connection), on the CE propagation to the AC grid 

is presented. Next, the influence of the parasitic elements of the PFC capacitor on the CE to the grid is 

discussed. Finally, the effects of the circuit breaker (when it is open) on the noise currents to the grid 

are investigated. 

2.2.4.1.  Effects of the connection of PFC capacitors 

In this configuration, the purpose is to analyze the relationship between the power factor due to 

PFC capacitors connected in different configuration and the CE propagating to the AC grid. Hence, the 

real power (50 kW) is kept the same, and the reactive power is fixed to have the 0.9 power factor of the 

linear load by considering three arrangements, i.e., by using PFC capacitor connected in star (neutral 

point grounded), in delta and without any PFC connected. 

Figure 2.11 (a) and Figure 2.11 (b) show the noise voltages and currents propagating to the busbar 

(S0). It is shown that by adding the delta-connected PFC capacitor, both voltages and currents are not 

changed compared with the case in the absence of the shunt capacitor. On the other hand, if the PFC 

capacitors are in grounded star connection, the CE propagating to the AC grid can be reduced 

significantly since the grounded star connection provides a path to the ground. Therefore, connecting 

PFC capacitors in grounded star has a great advantage to reduce CE even if the required size of the 

capacitors are three times larger than delta connection to have the same power factor improvement. 

However, there is no significant difference on the noise propagating to the AC grid noticed when the 

PFC capacitor is connected in ungrounded star compared to delta connection as shown in Figure 2.12 

(a) and Figure 2.12(b) since in this case the star connection does not provide grounding path to the 
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noise. 

 

 

Figure 2.8: PSpice model of the LV electrical network. 
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 Figure 2.9: MATLAB-PSpice co-simulation setup implemented in SIMULINK. 
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(a) 

 

(b) 

       Figure 2.10: Voltages and currents at the LV network.  
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                                            (b) 

Figure 2.11: Noise voltages and currents measured at the busbar with considering grounded star and delta 

connected PFC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

  

 

 

 

 

 

 

 

 

 

 

                                                     (b) 

Figure 2.12: Noise voltages and currents measured at the busbar with considering ungrounded star and delta 

connected PFC. 

2.2.4.2.  Effects of the Parasitics of PFC capacitor  

In this sub-section, the effects of the non-ideal behavior of the PFC capacitor due to the parasitic 

components ESR and ESL is studied. The PFC capacitor (88.09 uF in delta connection and 264.27 uF 

in star connection) is connected to improve the power factor of the linear load from 0.8 to 0.9. The ESR 

of the PFC capacitor is set as 2 mΩ, and different values of ESL (fom 1 uF to 100 nF) is considered. 

The voltage at the busbar and the current propagating to the AC grid when the PFC capacitor is 
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connected in star are shown in Figure 2.13 (a) and Figure 2.13 (b) respectively. As it can be seen clearly, 

maximum and minimum noise propagation to the AC grid occurs when there is no PFC capacitor 

connected and when ideal PFC capacitor (without ESL) is connected respectively. The PFC capacitor 

helps besides improving the power factor, diverting the noise current by creating a very small 

impedance compared to the impedance of the grid. However, this is true only when the PFC capacitor 

is ideal. In general, the influence of CE reduction due to the PFC capacitor is weakened when the PFC 

capacitor is not ideal i.e., the CE's to the AC grid can be significantly increased if the star-connected 

PFC capacitor shows inductive behavior. This conclusion is supported by looking the impedance of the 

load with different working conditions as shown in Figure 2.13 (c). The impedance of the load is very 

low when there is an ideal PFC capacitor connected to it. However, it increases with an increase in the 

ESL of the PFC capacitor, since the capacitor have an inductive behavior and results more noise current 

to propagate to the grid.  

 

 

 

 

 

 

 

 

 

 

 

              

                                                          (a) 

 

 

 

 

 

 

 

 

 

 

 

                                          

                                                   (b) 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                   (c) 

Figure 2.13: Noise currents propagated to the AC grid and Impedance of the shunt capacitor with considering 

different values of parasitics. 
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2.2.4.3.  Effects of the load power factor on CE propagation 

In this configuration, the purpose is to analyze the relationship between the power factor of linear 

load and the CE propagating to branch L0 (by evaluating Vbus_L0 and Ibus_L0). Thus, the setup keeps 

only branch L0 and L1 present, and the circuit breakers ideally disconnect branches L2, L3a, and L3b. 

Besides, the PFC shunt capacitors in line L1 are also removed. For branch L1, the real power (50 kW) 

kept the same. The power factors are set from 0.2 to 1 by assigning different inductances of the linear 

load (see Table 2.2). The influence of the power factor on the current and voltage of branch L0 is shown 

in Figure 2.14 (a) and Figure 2.14(b). As can be seen, poor power factor (below 1) caused significant 

noise current to propagate to the AC grid compared to the ideal power factor (pf=1). This phenomenon 

can be explained robustly regarding the input impedance (Z11) of the linear load seen by the PV-inverter 

where different power factor is considered. This can be seen in Figure 2.14 (c), where the impedance  
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 (c) 

Figure 2.14: Noise voltages and currents measured at the busbar with considering different configuration of 

shunt capacitor. 
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of the linear load where power factor is less than one is significantly  higher compared to unity load 

power factor. This indicates that more current propagats to L0 rather than the linear load, no matter the 

deviations of the power factor compared to the unity power factor. Infact, the CE's propagating to L0  

when pf=1 are much lower than other power factor values. 

Table 2.2: Parameters of the linear load of branch L1 with fixed real power (50 kW) and different power factor. 

Power 

factor 

 0.2 0.4 0.6 0.8 1.0 

 

Parameters 

R (ohm) 2.048 2.048 2.048 2.048 2.048 

L (mH) 31.937 14.937 8.692 4.889 0 

PFC 

Capacitor 

/ / / / / 

 

2.2.4.4.  Effects of the parasitics of the circuit breaker on CE propagation 

In this configuration, the purpose is to investigate the CE propagation when one branch is under 

the island mode. For example, the branch L1 is chosen to work offline, with a non-ideal circuit breaker 

in open status. For this case, the parallel capacitor of the non-ideal circuit breaker is varied from 10 pF 

to 100 pF, and the CEs propagating in branch L1 is plotted in Figure 2.15. As it can be seen, the current 

IL1 from the CB1 to the busbar is sensitive to the non-ideal behaviour of the CB1 in which considerable 

noise current propagates to the AC grid where higher value of parallel capacitor is chosen even if the 

CB1 is in open position. Therefore, it is necessary to consider the parasitic capacitor of the CBs when 

performing EMI simulation. 

 

Figure 2.15: Noise voltages and currents measured at the busbar with considering different values of parasitic 

capacitance of the circuit breaker. 
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2.3.  Modeling Noise Source Using Black Box Approach 

This section presents an activity held to model Photovoltaic (PV) based three-phase inverter using 

black-box modelling approach for EMC analyses. The work was done in collaboration with RSE 

research group. The main objective in this work is to find suitable black-box model of a three-phase 

inverter so that the model can be used to predict the CE in complex power system networks. Besides, it 

is a motivation to investigate the main constraints of modelling such a noise source using black-box 

modelling approach. The PV based three-phase inverter, along with an LCL (i.e., inductor-capacitor-

inductor) filter connected to the grid discussed in Section 2.2 and showed in Figure 2.3, is considered 

in this part. 

The theoretical assumption behind black-box modelling approach is that the device under analysis 

can be treated (at least approximately) as a linear and time-invariant (LTI) system. However, since 

switching modules exhibit an inherently time-variant and non-linear behavior, a thorough investigation 

aimed at identifying the conditions for applicability and possible limitations of black-box modelling is 

required. It is worth mentioning that from the viewpoint of black-box modelling, the LCL filter plays a 

fundamental role in masking the nonlinear and time-varying behavior of the inverter, thus making the 

LTI assumption generally satisfied.  

For this purpose, the black-box modelling technique in [42], which was originally adopted for 

modelling DC-DC converters in a satellite power system, is extended in this work. The model aims to 

predict the CE peaks related to the switching frequency and its harmonics exiting the AC side of a three-

phase inverter connected to a PV panel. For the proposed modelling procedure, accuracy, applicability, 

and possible limitations of black-box modelling are systematically investigated, by paying particular 

attention to the low-frequency part of the spectrum down to 2 kHz (since the switching frequency of 

the inverter here considered is 5 kHz). To this end, an explicit model of the whole system (i.e., a model 

involving the switching modules, the control system as well as parasitic components) is preliminarily 

implemented in SPICE (it stands for Simulation Program with Integrated Circuit Emphasis) and used 

as a virtual environment to emulate the steps of the proposed experimental procedure and to obtain a 

prediction of the generated CE to be used as a reference to validate the proposed modelling strategy. 

The proposed black-box model representation of the inverter is shown in Figure 2.16. The inverter 

(together with PV panels and LCL filter) is represented by a Norton equivalent, i.e., a noise source 

current and a passive admittance [42]. As discussed before, the applicability and effectiveness of this 

strategy are limited to the modelling of linear and time-invariant devices only. Since power 

converters are intrinsically non-linear and time-variant networks, black-box modelling requires 

preliminary verification that the device can be treated, at least approximately, as an LTI system. In 

several works [43–45], such an assumption was assumed to be satisfied, since the converter under 

analysis was equipped with an EMI filter or decoupling capacitors /functional inductors, which can 

mask the inherently non-linear and time-varying behavior of the switching modules. 

2.3.1.  Black-Box Modelling Procedures 

The procedure here exploited to identify black-box model parameters involves two different 

setups. The former is used to evaluate the entries of the admittance matrix (passive  part of the model), 

the latter is to extract the frequency response of the noise (current) sources (the active part of the 

model). 

2.3.1.1.  Passive Part of the Black-Box Model 

As the first step, the entries of the admittance matrix Ydut are characterized through Vector Network 

Analyzer (VNA) measurement of the scattering parameters (S-parameter) at the output port of the LCL 
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filter, as shown in Figure 2.17. For measurement, the gate signals and the DC-link voltage supply should 

be disconnected from the inverter for safety reason. To mimic VNA measurement conditions by the 

SPICE model, both the DC voltage sources, and the gate signals sources are replaced by short circuits. 

The obtained 3 by 3 S-parameter matrix (Sdut) is then converted into the corresponding 3 by 3 admittance 

matrix Ydut by post-processing of measurement data [46]. The S parameters can be easily measured 

using the procedure in [47] as shown in Figure 2.18. 

Is2 Is1Is3

GND

YDUT

I1

I2

I3

U

V

W

 

Figure 2.16: Black-box model of the three-phase inverter system. 

VNA

GND

LCL Filter

+

-

R

S

T

SDUT

PV

(OFF)

Inverter

(OFF)

 

Figure 2.17: Measurement setup exploited to evaluate the entries of the admittance matrix (passive part of the 

black-box model). 

 

Figure 2.18: SPICE implementation of the measurement setup used to evaluate the passive part of the 

model: The three blocks connected at the DUT ports are used to emulate the three ports of a VNA. 



   Chapter 2 - Modelling of EMI source 

22  

 

× 

× 

× 

        

2.3.1.2.  Active Part of the Black-Box Model 

To extract the current sources Is1, Is2, and Is3 (active part of the black-box model), the test setup 

in Figure 2.19 is exploited where the three phase LISN is deployed to measure the voltages V4, V5, 

and V6 at the 50 Ω terminal. The currents I4, I5 and I6 can be easily determined by dividing those 

voltages by 50 Ω. Then, the line voltages (V1, V2 and V3) and currents (I1, I2 and I3) can be determined 

using 6 by 6 ABCD matrix of the LISN using (2.1). Of course, the circuit discussed in Section 2.3.1.1 

can be used to characterize the LISN as a 6-port network (the first three ports in the inverter side and 

the rest are on the LISN measurement port). 

GND

Inverter

(OFF)

LCL Filter

+

-

R

S

T
LISN

Oscilloscope

V4

I4

V6

I6

V5

I5

V1

V2

V3

I1

I2

I3

Grid
PV

(OFF)

 

Figure 2.19: Measurement setup exploited to evaluate the active part of the black-box model, i.e., the three 

current sources IS1, IS2 and IS3 

In SPICE, the aforesaid setup was implemented by connecting 50 Ω resistors at the  LISN 

output ports to emulate the oscilloscope channels. Additionally, to preliminarily characterize the 

LISN in terms of six-port network, the blocks already introduced in Figure 2.18  are connected on both 

sides of the LISN, with the active block connected to one of the six  ports at a time, to evaluate the 

entries of the 6 by 6 S-parameter matrix, SLISN.  

Once this matrix is known, voltages (V1, V2, V3) and currents (I1, I2, I3) at the DUT side of the 

LISN are computed as: 

[ V1 V2  V3  I1  I2   I3]T = ABCDLISN [V4  V5  V6   I4   I5   I6 ]T     (2.1) 

where ABCDLISN is the 6 by 6 ABCD matrix of the LISN, obtained starting from the 

corresponding S-parameters matrix SLISN [46]. Eventually, the noise currents in the black-box 

model are retrieved as: 
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            [Is1 Is2 Is3] 
T 

= [ I1    I2   I3 ]
T 

+ YDUT   [V1    V2 V3]
T    

(2.2)
          

 

                                                                                        (a) 

               (b) 

Figure 2.19: Extracted black-box model: (a) Selected six Y-parameter of DUT; (b) Three current sources. 

The magnitude of the extracted black-box-model parameters, i.e., the entries of the Y matrix 

and the three current sources, is plotted in Figure 2.20. The first plot, Figure 2.20(a), shows the     

frequency response of DUT admittances and the three current sources are shown in Figure 2.20(b). 

50 µH

8 µF

GND
GND

EUT

EMI 

receiver

0.25 µF

1 kΩ 50 Ω 

250 µH

GND

Mains

4 µF

10 Ω 
5 Ω 

 

Figure 2.20: Schematics of the LISNs considered in this work: CISPR16-1-2. 
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It is worth mentioning that LISN effectiveness in stabilizing the impedance seen from the DUT 

outlets in the whole frequency interval of interest is fundamental for model- parameter extraction. 

Indeed, since the LISN is connected with the mains for CE measurement, its effectiveness in 

providing a stable impedance, despite possible variation of the mains impedance, determines the 

accuracy of the noise-source extraction. To this end, CISPR16 LISN shown in Figure 2.21 is 

considered to extractive the active noise currents. 

2.3.2.  Setup for Model Validation 

To effectively validate the accuracy of the obtained black-box model, the CE exiting the 

converter under loading conditions (sufficiently different from those exploited for model-parameter 

identification, Figure 2.19, are to be predicted and compared)  versus those obtained by exploiting 

the explicit model of the converter (here used as reference quantities). To this end, an additional 

EMI filter, Figure 2.22(a), is included between the system and the LISN to appreciably modify the 

converter working conditions despite  the presence of the LISN. The obtained measurement setup 

is shown in Figure 2.22(b). 

                                                                                     (a) 
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                                                                                (b) 

Figure 2.21: Validation of the black-box model: an additional EMI filter (a) is included in the measurement 

setup (b) to modify  the working conditions of the converter. 

2.3.3.  Model Verification Result and Discussion 

As the first step, the CEs exiting the inverter are evaluated in the presence and the absence of 

the EMI filter in terms of voltages measured at the output (i.e., at the receiver side) of a LISN 

compliant with CISPR16 specifications. Therefore, the CEs simulated in the absence of the EMI 

filter are then used as input data to extract the black-box model of the inverter. Conversely, the CEs 
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simulated in the presence of the filter are used to assess the effectiveness of the extracted black-box 

model in predicting the emissions exiting the inverter under analysis, in combination with a different 

set of working conditions.  

 

Figure 2.22:  Conducted emissions at the AC side of the inverter in the presence and in the absence of  the 

EMI filter. 

 

Figure 2.23: Conducted emissions obtained by the SPICE model in Section 3 and predicted by the black-box 

model (a) phase  voltage (b) zero-sequence voltage (c) positive sequence voltage and (d) negative sequence 

voltage. 
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Figure 2.23 shows the CE with and without EMI filter, where there is a significant difference 

between the two spectra, and this confirms the effectiveness of introducing the EMI filter to generate a 

new set of working conditions for validation purposes.  

The CEs obtained by the SPICE model of the whole test setup described in Section 2.3.1 and those 

predicted by the black-box model are compared in Figure 24 (a) in the frequency range from 2 kHz to 

200 kHz.  The CEs above 200 kHz are not plotted, as they are significantly attenuated (below 10 dBµV). 

The comparison proves that the black-box model can effectively predict the emissions exiting the 

converter, with maximum deviations within 3 dB around 110 kHz, where the system exhibits a 

resonance. The corresponding comparison in terms of zero sequence and positive/negative sequence is 

shown in Figure 24(b–d), respectively, and confirms the effectiveness of the proposed black-box model 

also in predicting modal quantities. The zero-sequence and the positive/negative sequences dominate 

above and below 35 kHz, respectively. The discrepancies observed above 100 kHz are mainly owing to 

numerical processing of data, due to the extremely low CE levels at high frequency. 

2.3.4.  Limitations of Black-Box Modelling 

2.3.4.1.  Influence of the Mask Impedance 

To investigate the role of the masking effect due to the LCL filter on model effectiveness, the 

LCL filter was removed, and the procedure for model parameter extraction was repeated. The 

obtained predictions are compared versus SPICE simulations in Figure 2.25 (a). 

Specifically, for the system without the LCL filter, obvious mismatches are observed in 

predictions of CEs obtained by the black-box model from 100 to 400 kHz with respect to the 

accurate circuit simulation. In Figure 2.25(b–d), three sequences of emissions are compared. It is 

observed that the discrepancies in this frequency interval are mainly from the positive and negative 

sequences instead of the zero sequence. With respect to Figure 24, the discrepancies observed in Figure 

25 are to be ascribed to the inaccuracy of black-box modelling in the absence of the LCL filter, rather 

than to the noise floor of data-processing. As a matter of fact, in Figure 25 CE levels from 100 kHz 

to 400 kHz are still significantly larger (above 40 dBµV) than the noise floor. This investigation 

puts in evidence that in the absence of an LCL filter (and its masking effect), the nonlinear and time-

variant characteristics reflect the prediction of positive/negative sequence components. In this case, 

the black-box modelling approach is less accurate in the prediction of DM emissions, especially in 

the high frequency range. 

 

                                              (a)                                                                                          (b) 
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                                                    (c) (d) 

Figure 2.24: Conducted emissions in the absence of LCL filter obtained by SPICE model and predicted by 

the black-box model (a) phase voltage (b) zero-sequence voltage (c) positive sequence voltage and (d) negative 

sequence voltage. 

2.4.  Conclusion 

This chapter discussed the modelling of noises sources mainly power electronics converters. In 

this regard, both white-box and black-box modelling techniques were investigated in detail considering 

their application in predicting EMI emissions in complex networks such as the LV distribution network 

and their respective application limitations.  

The white box modelling approach have been implemented to study the CE propagation from the 

LV network to the main grid with the help of PSpice MATLAB co-simulation where different noise 

sources are modelled in PSpice considering parasitic elements and MATLAB SIMULINK was used to 

implement control schemes for synchronizations. The work started from detail modelling of the LV 

network components such as transmission lines, inverter, load, transformer, and shunt capacitor. The 

effects of the PFC capacitors, circuit breakers, transmission lines and power factor of the loads, on the 

CE propagation of the LV network to the main grid has been investigated thoroughly. Simulation results 

showed that the PFC capacitor plays an important role on the CE propagation from the LV network to 

the main grid. For example, when PFC capacitors are connected in grounded star configuration, the CE 

propagated to the AC grid showed significant reduction compared to delta and ungrounded star 

connection, since the grounded star connection provides a path to ground. Therefore, connecting PFC 

capacitors in grounded star has a great advantage to reduce CE even if the required size of the capacitors 

are three times larger than delta connection to have the same power factor improvement. Besides, the 

parasitic elements of the PFC capacitor such as ESL significantly affected the propagation of the noise. 

Indeed, the shunt capacitor no longer work as a capacitor above its resonant frequency, and it becomes 

inductive which intern creates large impedance at high frequency. Therefore, most of the noise from 

the inverter propagates to the LV grid compared to the ideal shunt capacitors. Another important 

parameter is the load power factor. Results confirmed that poor power factor (pf values below 1) caused 

significant noise current to propagate to the AC grid compared to the ideal power factor (pf=1) since 

the impedance of the linear load where power factor is less than one is significantly higher compared to 

unity load power factor and this forces more noise current to propagates to the main grid than the linear 

load. Finally, the effects of the parasitics of the circuit breakers on the CE propagation where the 
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breakers are in open status have been investigated and results showed that considerable noise current 

propagate to the AC grid where the non-ideal circuit breaker is considered even when the breaker is in 

open status. Therefore, it is necessary to consider the parasitic capacitor of the CBs when performing 

EMI simulation.  

The black-box modelling approach have been applied to a three-phase inverter connected with a 

PV panel, and the procedures and the possible limitations of this modelling approach have been 

investigated. The procedure foresees separate characterization of the active and passive part of the 

model. Specifically, a suitable procedure was proposed to identify the noise sources (active part of the 

model), which resorts to the time-domain measurement of the voltages at the output of the LISN, instead 

of the currents exiting the converter, to filter out the 50 Hz fundamental component, whose contribution 

could impair the identification of higher frequency components. The comparison versus SPICE 

simulation proved the effectiveness of the proposed black-box modelling approach in predicting the 

CEs exiting the AC side of the grid-tied three-phase inverter system under analysis in the frequency 

range starting from 2 kHz. The proposed analysis allowed a systematic investigation of two main 

limitations possibly degrading the prediction accuracy of the proposed black-box modelling technique 

during the measurement. The former limitation is related to the assumption that the system under 

analysis should be treated, at least approximately, as a linear and time-invariant system. In this regard, 

the fundamental role played by the LCL filter (installed at the converter output) in masking the inherent 

non-linear and time-invariant behavior of the inverter switching modules has been proven.  In general, 

this assumption needs to be confirmed prior to the application of the black-box modelling procedures. 

The latter limitation is related to the bandwidth of the LISN exploited to extract from measurement the 

frequency response of the noise sources (active part of the model). In this regard, it has been proven 

that using a LISN foreseen for CE measurement starting from 150 kHz, as foreseen by several EMC 

standards, may lead to significant degradation of prediction accuracy in the lower part of the spectrum 

(i.e., below 150 kHz), since the frequency response of the extracted noise sources is strongly influenced 

by the impedance connected at the output of the LISN. To eliminate the influence of power network 

impedance, it is necessary to develop a new type of LISN with stable impedance starting from 2 kHz, 

otherwise, the mains impedance must be measured or estimated to improve the accuracy of the black-

box model predictions at low frequency. 
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CHAPTER 3  

Random Pulse Width Modulation 

 

3.1. Random Pulse Width Modulation  

In RPWM, one of the switching parameters of the PWM signal, such as switching period, pulse 

position and pulse width are varied randomly in order to spread the noise exiting power converters. 

Therefore, RPWM can be classified as Random Frequency Modulation (RFM), Random Pulse Position 

Modulation (RPPM) and Random Duty-Cycle Modulation (RDM), depending on the parameter which 

is made random [48]. Figure 3.1 shows the RPWM signal, where ‘T’ is switching period, ‘∆’ is the 

pulse position and ‘d’ denotes pulse width. Applying RPWM to reduce the CE's of power converters is 

not new and have been deployed in many converters to pass the EMC compliance tests. Indeed, plenty 

of research activities were carried out towards finding specific RPWM techniques suitable to the 

specific converter topologies [49-51]. 

 

 

 

 

 

 

 

This chapter is aimed at introducing the most common RPWM techniques which are being 

deployed in many converter topologies considering their effectiveness at reducing CE and aiming at 

comparing them with regards to their advantages and possible limitations, with the final goal of using 

RPWM to the study of coexistence issues with PLC system in the coming chapter (chapter 4). Besides, 

this chapter is also aimed at introducing the procedures on how those types of RPWM techniques can 

be implemented using both simulation software like PSpice-Simulink cosimulation and in practical 

laboratory experiments considering the main challenges of programming the micro-controllers to 

generate RPWM signals. Moreover, the main parameters which affect the effectiveness of the specific 

RPWM techniques on the reduction of the CE of power converters as well as the coexistence issue will 

be discussed in detail. Therefore, an introduction of the RPWM, its implementation in simulation 

software and its practical implementation in laboratory experiment are summarized in the following 

sections. 

Figure 3.1: Random switching signal. 
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3.1.1. Random Frequency Modulation 

Random Frequency Modulation (RFM) or alternatively spread spectrum modulation is the most 

deployed random modulation technique for EMI reduction. It is also the first random modulation 

technique introduced. RFM is an extension of a very common modulation technique called Frequency 

Modulation (FM) [52]. 

In conventional FM, the frequency of the carrier wave (fc) is varied according to the message signal 

(ξ(t)) with frequency deviation of ∆f as shown in Figure 3.2.  

FM

  ξ(τ)  f
 

Figure 3.2: Classic approach for spreading a sinusoidal tone based on frequency modulation using a generic 

driving signal ξ(t). 

The resulting signal s(t) from center-spread FM modulation of a simple sinusoidal tone can be defined 

as: 

𝑠(𝑡) = 𝐴𝑂  𝑐𝑜𝑠 (2𝜋𝑓𝑐𝑡 + 2𝜋∆𝑓 ∫ 𝜉(𝜏)
𝑡

−∞

𝑑𝜏)                                      (3.1) 

where, the message signal ξ(t) (in this case modulation profile), varies between -1 and 1 as −1 ≤ ξ(t) ≤ 

1.  

Therefore, in classical FM, the instantaneous frequency of the signal varies from fc − ∆f (when ξ(t) = 

−1) to fc +∆f (when ξ(t) =1) linearly with ξ(t) as (3.2).  

                                 𝑓(𝑡) = 𝑓0 + ∆𝑓 × ξ(t)                                                            (3.2) 

 

 

 

 

 

 

 

 

                                             

Figure 3.3: Sketch comparison between the power spectra of an unmodulated narrow-band interfering signal 

and of a spread spectrum one. (a): down-spread; (b): center-spread. 
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Hence, the power of s(t) is spread linearly in the Carson’s bandwidth [fc − ∆f; fc+ ∆f] as shown in 

Figure 3.3. RFM is an extension of the FM where (3.1) applied to each signal harmonic, with the only 

difference that the nth harmonic is spread within a bandwidth of amplitude 2n∆f. Of course, the actual 

shape of the spectrum of s(t) depends on the modulation parameters, i.e., ∆f and ξ(t). When ξ(t) is a 

periodic function with period T, the spectrum of s(t) is discrete, with components located at fc ± k/T, k 

€ Z.  

There are important parameters which plays significant role in RFM such as spreading factor, 

modulation index and the type of the modulation profile signal.The spreading factor (α) determines the 

rate by how much the switching frequency deviates from the reference central switching frequency of 

the PWM signal, and can be expressed in percentage as:  

𝛼 (%) =
∆𝑓

𝑓
× 100                                                   (3.3) 

and the modulation index defines the rate by how much the switching frequency deviates with respect 

to the frequency of the modulation profile signal ξ(t) and can be expressed as: 

𝑚 =
∆𝑓

𝑓𝑚
                                                                   (3.4) 

Where ‘f’ is the central switching frequency of the PWM signal and fm is the frequency of the 

modulation profile.  

The spreading factor and modulation index plays crucial role in spreading the spectrum of the RFM 

signal. For example, larger value of spreading factor, α, results more spread spectrum and more EMI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Sketch comparison between the output power spectra achieved with different ξ(t) modulating signal. 

From top to bottom: sinusoidal modulation, cubic (Hershey kiss) modulation, triangular modulation, random PAM 

modulation.



 Chapter 3 - Random Pulse Width Modulation 

32  

 

reduction compared to lower values as it will be outlined both in simulation and experimental results in 

the coming sections. Besides, the modulation index plays a big role in spreading the spectrum where 

large value results the (discrete) spectrum of s(t) to have many components very close each other that 

can be assumed to be continuous in the Carson’s bandwidth which results better EMI reduction 

compared to lower values and the result is independent of the resolution of the measurement instrument. 

The shape of the spectrum of RPWM with different types of the modulation profile is shown in 

Figure 3.4. As it can be seen, a truly continuous power spectrum is obtained only with a non-periodic 

ξ(t) such as that obtained using a true random generator. However, it is really difficult to obtain a true 

random wave generators specially in simulation software since they are periodic at some instant.   

3.1.2. Random Pulse Position Modulation 

Random Pulse Position Modulation (RPPM) is similar to the classical PWM scheme with constant 

switching frequency. However, the position of the gate pulse is randomized within each switching 

period, instead of commencing at the start of each cycle. RPPM offers fixed switching frequency and 

duty cycle so that the passive parts of power converters function properly. 

The instantaneous pulse position can be determined as: 

∆(t)= ∆ref +∆_∆ ×ξ(t)                                      (3.5) 

In order to investigate the properties of RPPM, it is important to consider the Power Spectral Density 

(PSD). For conventional PWM, the PSD can be directly determined from the Fourier Series expansion 

of the PWM signal (1).  

       𝑆(𝑓) = ∑ |𝑎𝑛|2𝛿(𝑓 − 𝑛𝑓1)

∞

𝑛=−∞

                                (3.6) 

or indirectly, by using the autocorrelation/PSD relationship [53,54]: 

      𝑆(𝑓) = ∫ 𝑅(𝜏)𝑒−𝑖𝜔𝜏𝑑𝜏
∞

−∞

                                          (3.7) 

where, S(f) is the PSD of PWM signal, |𝑎𝑛| is the magnitude of the Fourier Series coefficients, 𝑓1 is the 

switching frequency and 𝑅(𝜏) is the autocorrelation of the switching signal respectively. 

However, it is not straightforward to apply the above formulas to find the PSD of RPWM signals, since 

they are random and can be described only by a probabilistic level using the theory of stochastic 

processes such as wide-sense stationary (WSS) random processes.  

The PSD of a RPPM is derived in [52] by assuming constant switching period and pulse width of the 

RPWM shown in Figure 3.1. 

𝑆(𝑓) =
1

𝑇
|𝑈(𝑓; 𝑑)|2 [1 − |𝐸{𝑒−𝑖𝜔∆}|

2
+

1

𝑇
|𝐸{𝑒−𝑖𝜔∆}|

2
∑ 𝛿 (𝑓 −

𝑛

𝑇
)

∞

𝑛=−∞

]            (3.8) 

                             where, U (f; d) is the Fourier transform of the sampling pulse u(t):  

                                u(t)= {
1,       for 0 ≤ t ≤ d
0,            otherwise

                                                                            (3.9) 

E{e-jω∆} is the expectation of the probability density function of the random pulse position, which 

depends on the distribution of the random number, and 𝜔 = 2πf. 
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As an example, the PSD of RPPM with 5 kHz switching frequency and 0.5 duty ratio is shown in Figure 

3.5 (a). In this case, a uniformly distributed random number is used to vary the random pulse position. 

Of course, the shape of the spectrum may change if the distribution of the random number changes, 

e.g., if a normal distribution is used. However, the spectrum always exhibits both the density and the 

harmonic part unlike other modulation schemes. For instance, the RFM spectrum only exhibits the 

density part as shown in Figure 3.5 (b) [52]. This makes RPPM less effective compared to RFM in 

minimizing the CE of power converters. Nevertheless, this property will play a significant role in 

making RPPM more compatible than RFM with communications systems which will be discussed in 

Chapter 4. 

 

                                                        (a) 

 

                                                               (b) 

Figure 3.5: PSD of the switching signal with uniformly distributed random pulse position (a) Random Pulse 

Position Modulation and, (b) Random Frequency Modulation. 
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There are parameters which can play significant role in the effectiveness of RPPM in spreading 

the noise coming out of power converters such as Random Number Update Rate (RNUR) and spreading 

factor. The RNUR determines how fast the pulse position of RPPM should change, and it obviously 

affects the operation of the RPPM. Besides, the spreading factor specifies by how much the pulse 

position of the RPPM should vary with respect to the switching period. CE reduction is proportional to 

the spreading factor since higher value result in higher reduction of the CE peak. Indeed, the maximum 

pulse position variation ∆_max should be: 

∆_max ≤ (T-d)                                                              (3.10) 

 

3.1.3. Random Duty Cycle Modulation 

Unlike RFM and RPPM, in RDM the pulse width is made random. RDM is less common compared to 

RFM and RPPM since duty cycle is being used for many closed loops control of converters. Besides 

varying the duty cycle will result in output voltage ripples in time domain. 

The same as the other two random modulation techniques, the instantaneous duty cycle can be 

determined as: 

            d(t) = dref +∆d ×ξ(t)                                            (3.11) 

where d(t) is the instantaneous duty cycle and ∆d is the amount of pulse width varied from the 

reference pulse width, dref.  

The spreading factor α can be defined as 

          𝛼 =
∆d

dref
                                                               (3.12) 

The following sub-sections summarizes both the simulation and experimental test campaign to test the 

effectiveness and possible constraints of the different RPWM schemes. 

3.2. PSpice-Simulink Co-Simulation of the CEs of a DC-DC Converter with RPWM 

This work investigates the beneficial effects of RPWM strategies in reducing the CE's generated 

by DC-DC converters. Most of the research related to EMC analysis of switched power supplies are 

based on converters made up of IGBTS and Si MOSFETs, whereas a little has been done so far to 

investigate the emissions generated by SiC-technology converters, which are relatively new and still 

under development. In this part, a simulation tool to investigate spectral characteristics of the CE's of a 

SiC based DC-DC converter driven by a RPWM Modulation scheme is presented. The comparison 

versus traditional PWM is carried out by exploiting PSpice-Simulink co-simulation. PSpice is 

preferable to model a converter, since it allows performing realistic simulations based on actual 

specification and datasheet of components like SiC MOSFETs, diodes, inductors, and capacitors. 

However, MATLAB Simulink can be conveniently used to generate RPWM signals and of course for 

signal visualization.  

3.2.1.  Circuit implementation in PSpice 

The setup modelled and implemented in PSpice is shown in Figure 3.6. It is composed of a battery 

(leftmost block), a DC-DC converter (rightmost block) and two LISNs. The corresponding circuit 

models implemented in PSpice are shown in Figure 3.7 and Figure 3.8 and will be presented in the 

following sub-sections. 
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Figure 3.6: Overall schematic of the test setup implemented in PSpice. In this representation, the DC-DC 

converter, the battery, and the two LISNs are represented by blocks, whose circuit representation is shown in 

Figure 3.7, Figure 3.8 and Figure. 2.21 

3.2.1.1. Converter Model 

The circuit model of the 20-kW boost converter considered for simulation is shown in Figure. 3.7. 

The converter boosts the input voltage from 400 V to 800 V and has a switching frequency of 35 kHz. 

SiC MOSFETs are used in this converter design. The second-generation CREE SiC MOSFET, 

C2M0040120D was chosen from the Wolfspeed manufacturer spice library and integrated into the 

PSpice software library.  
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Figure 3.7: PSpice model of the DC-DC converter under analysis: wideband model including parasitic elements. 

To make the simulation more realistic, the thermal operation of the SiC MOSFETs are also 

considered. To this end, the case and junction temperatures are assumed to be equal to 40°C and 150°C, 

respectively. Besides, parasitic components (e.g., parasitic capacitors and wiring resistance and 

inductance), whose presence is of key importance in order to perform effective prediction of the 

converter CEs in the frequency interval of interest for EMC analyses, are included and drawn by the 
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red color. Values for the equivalent series resistance and inductance of capacitors, the leakage 

inductance and insulation resistances are taken from the component datasheet. Conversely, for the other 

parasitic elements, some assumptions are taken, and reasonable values of these components are inferred 

from [55].  

3.2.1.2.  Circuit Model of the Battery 

Figure 3.8. shows the circuit model of the battery. Likewise in Figure 3.7, parasitic elements are 

sketched by the red color and are used to represent the high-frequency behavior of the battery. In this 

model, Vdc represented the DC voltage source. The specific topology and numeric values of the red 

elements are inferred from [56].  
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                                                Figure 3.8: PSpice model of the DC battery. 

3.2.1.3.  Circuit model of the LISN  

    The LISN topology exploited for simulation is designed based on CISPR16-1-2 standard as shown 

in Figure 2.21 (see Chapter 2).  

3.2.2.  PSpice-Simulink Co-Simulation 

3.2.2.1. The basic principle of the implemented RPWM scheme 

The schematics of the implemented RFM is shown in Figure 3.9. The central switching frequency 

is multiplied by the spreading factor to get the deviation frequency. The resulting frequency deviation 

is multiplied by the random number which varies between -1 and 1 and can be different wave form as 

described in Section 3.1.1 to get the randomized switching frequency. The randomized switching 

frequency is then converted to PWM signal or RFM by using MATLAB code as specified in Appendix 

A2. 
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Figure 3.9: Schematics of the implementation of RFM. 

Figure 3.10 shows the schematics of the implemented RPPM. The process is the same as RFM except 

in this case the pulse position is controlled. Hence, the reference pulse position is multiplied by the 

spreading factor to get the deviation of pulse position. The resulting pulse position deviation is 

multiplied by the random number which varies between -1 and 1 and can be different wave form as 

described in Section 3.1.2 to make the pulse position random. Then the randomized pulse position is 

converted to PWM signal or RPPM using MATLAB code as specified in Appendix A2. As can be seen, 

both the switching frequency and duty cycle are fixed. 

 

Figure 3.10: Schematics of the implementation of RPM. 

The implementation of RDM is the same as RFM and RPPM except the control parameter is here the 

duty cycle as shown in Figure 3.11.  

 

Figure 3.11: Schematics of the implementation of RDM. 
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3.2.2.2. System Co-simulation 

The Simulink schematic implemented to simulate RPWM is shown in Figure 3.12 (the schematic 

implementing standard PWM is here omitted for brevity). In this configuration, the randomly generated 

PWM signal is connected to the input of the PSpice system and applied to the DC-DC converter. The 

top two pins/arrows at the output of the “PSpice system” block (represent all the circuit models deign 

ed in PSpice such as the DC-DC converter, the battery and the LISN) in Figure 3.12 is used to measure 

the phase and neutral noise voltages across the 50 Ω LISN resistors. Starting from these quantities, 

differential mode (DM) and common mode (CM) noise voltages can be directly estimated by exploiting 

mathematical blocks available in Simulink (see block at the bottom of Figure 3.12). 

 

Figure 3.12: Simulink schematic for co-simulation. The “PSpice System” block calls the PSpice circuit model in 

Figure 3.6. 

3.2.3.  Simulation Results and Discussions 

Examples of the obtained results are discussed in the following sections considering all the three 

types of RPWM schemes. Besides, the effects of spreading factor and RUNUR is examined. Finally, a 

comparison among the different RPWM schemes is performed. 

 3.2.3.1 Simulation of the CEs of the DC-DC converter under RFM 

Figure 3.13 (a) presents the comparison of the phase to ground voltage measured at the LISNs 50 

Ω terminal when the DC-DC converter is resorted to RFM and conventional PWM. The switching 

frequency is chosen arbitrary to 20 kHz. The spreading factor (‘α’) is fixed to 30% so that the switching 

frequency deviates from 14 kHz to 26 kHz. Moreover, the modulation profile chosen is random PAM 

modulation. As can be seen clearly, the CE measured with RFM (orange) shows significant reduction 

compared to the conventional PWM (in black and in this case α= 0%) by more than 15 dB.  
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To see the effects of the spreading factor of the RFM on the CE of the DC-DC converter, additional 

simulation was carried out. Therefore, two values of the spreading factor (5% and 30%) are considered, 

and the CE is investigated again. As depicted in Figure 3.13 (b) the CE coming out of the DC-DC 

converter did not show significant variation in terms of peak reduction. However, in the case of the 30% 

spreading factor, the CE was more continuous and spread than the 5% spreading factor. In practice, 

lower value of spreading factor (below 5 %) is usually preferable in many applications since higher 

value of α causes ripples in the time domain wave forms. 

 

(a) 

 

(b) 

Figure 3.13: Simulation result of the CEs of the DC-DC converter: (a) PWM Vs RFM, (b) under different 

values of the spreading factor of the RFM. 

3.2.3.2. Simulation of the CEs of the DC-DC converter under RPPM 

Another simulation activity carried out was to test the RPPM on the effectiveness of reducing the CE 

of the DC-DC converter. Figure 3.14 (a) presents the comparison of the phase to ground voltage 

measured at the 50 Ω LISN terminal of the DC-DC converter under RPPM w.r.t conventional PWM. 
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The switching frequency and the spreading factor are chosen to 20 kHz and 30% respectively. Again, 

random PAM modulation profile was chosen.  

The CE measured with RPPM (orange) showed remarkable reduction (more than 10 dB 

attenuation) compared to the conventional PWM (black) starting from the 3rd harmonic frequency (60 

kHz). However, the CE attenuation was only 4 dB at the fundamental frequency of 20 kHz. The 

attenuation at the fundamental frequency was even worse where lower values of spreading factor was 

chosen. This condition may have an advantage with regards to coexistence issues as it will be discussed 

in Chapter 3, where RPPM will be preferable to assure coexistence compared to RFM.  Apart from the 

fundamental frequency, the CE showed significant reduction proportional to an increase in the 

spreading factor in terms of peak reduction as depicted in Figure 3.14 (b).  

 

(a) 

 

(b) 

Figure 3.14: Simulation result of the CEs of the DC-DC converter: (a) PWM Vs RPPM, (b) under different 

values of the spreading factor of the RPPM. 
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3.2.3.3. Simulation of the CEs of the DC-DC converter under RDM 

Figure 3.15 presents the comparison of the phase to ground voltage measured at the 50 Ω LISN terminal 

when the DC-DC converter was resorted to RDM/PWM. Again, the switching frequency was chosen 

to 20 kHz. In this case, the reference duty cycle is 0.5 and the spreading factor was fixed to 80% so that 

the duty cycle varies between 0.1 and 0.9. As it can be seen clearly, the CE measured with RDM shows 

no significant reduction compared to the conventional PWM. This kind of RPWM is less effective in 

reducing CE.  Besides, varying the duty cycle by this much amount could lead to too much output ripple 

voltage. 

 

Figure 3.15: Simulation result of the CEs of the DC-DC converter under the RDM. 

3.2.3.4. Simulation of the CEs of the three- phase inverter under RPWM 

In order to examine the effectiveness of  RPWM techniques on  the CE reduction of the three-

phase inverter, further simulations were carried out. In this case only the two types of RPWM techniques 

 

Figure 3.16: Schematics of the simulation setup for the CE measurement of the three-phase inverter at the DC 

side.
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(RFM and RPPM) were considered. Details of the RPWM signal generation for three-phase inverter is 

available in  the Appendix A2. The inverter is fed from 600 V dc source to get the required 400 V 

three-phase ac voltage. The CE is measured from DC side of the inverter as shown in Figure 3.16.  

Figure 3.17 presents the CE's of the inverter measured at the DC side where different modulation 

were applied. Particularly, PWM, RFM and RPPM were considered. The switching frequency was 

chosen to 20 kHz. The spreading factor was fixed to 30% to the RPWM.   

As that of the DC-DC converter, the CE measured with RFM and RPPM showed significant 

reduction compared to the conventional PWM (Figure 3.18 (a) and Figure 3.18 (b)). Moreover, RFM 

outperforms RPPM in terms of the CE reduction. Further analyses were carried out to see the effects of 

spreading factor (the plot is not included here for brevity), and the same conclusion as of DC-DC 

converter can be reached where there was a significant influence of the spreading factor on the CE of 

the Inverter. Results also showed that, in case of RFM increasing spreading factor above a certain value 

(in this case above 15%) does not show appreciable difference on the CE peaks (the spreading of the  

 

(a) 

 

                                                                    (b) 

Figure 3.17: Simulation result of the CEs of the three-phase inverter at the DC side: (a) PWM Vs RFM, and (b) 

PWM Vs RPPM.
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noise saturates at a certain level). Therefore, even small variation of the switching frequency could give 

satisfying reduction of CE peaks. 

3.3. Experimental Evaluation of the CE's of Randomly Modulated SiC based DC-DC 

Converter  

The software simulation results needed to be verified using experimental analysis. To this end, an 

experimental test campaign was held to test the effectiveness of RPWM techniques in reducing the CE 

of the SiC based bi-directional DC-DC converter. Besides, the effects of different parameters of RPWM 

needs to be examined. With the final objectives of providing an overview of the implementation of 

different RPWM schemes using microcontrollers and the evaluation of the CE as well as studying the 

interaction of randomly modulated converters to the coexisting communications systems, a preliminary 

test was performed and presented as follows. 

3.3.1. Experimental Test Setup 

The schematic of the experimental test setup is shown in Figure 3.18 where the randomly 

modulated DC-DC converter is connected to the DC source through the LISN. The CEs of the DC-DC 

converter can be measured using the EMI receiver.  

The implemented experimental test bench is presented in Figure 3.19. The specific converter 

chosen for this work was Cree’s KIT-CRD-3DD065P/ CRD-3DD12P evaluation board from Wolfspeed 

(see Table 3.1). Different RPWM signals were generated using F28379D Launch Pad from Texas 

Instruments (TI). The RPWM signals can be coded using SIMULINK and can be loaded to the TI 

microcontroller (see Appendix A5). The CE's of the DC-DC converter were measured using CISPR 16 

LISN (HV-AN 150 LISN) and DSOX1204G oscilloscope (KEYSIGHT). The DC-DC converter was 

configured as a boost converter where low input voltage (25 V) was considered for safety reasons and 

connected to 66 Ω resistive load.  

 

Figure 3.18: Schematics of the experimental test bench to assess the effects of RPWM on the CE's of the 

DC-DC converter. 

Table 3.1: Summary of the specification of KIT-CRD-3DD065P/ CRD-3DD12P evaluation board. 

Item                                  Values 

KIT VERSION CRD-3DD065P (650V) CRD-3DD12P (1200V) 

Max Input Voltage              450           800V 
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Max Output Voltage              450           800V 

Max Output Power                                     2500W 

VCC (Logic Power)                                     15VDC 

VCC Input Current (standby)                                     40mA 

Switching Frequency                                     100 kHz 

 

 

Figure 3.19: Experimental test setup to assess the effects of RPWM on the CEs of a SiC based bi-

directional DC-DC converter. 

3.3.2. Discussion of Experimental Findings  

The first experimental activity in this test setup was to assess the effectiveness of the RFM in 

spreading the noise coming out of the DC-DC converter. Therefore, Figure 3.20 (a) presents the 

comparison of the phase to ground voltage measured at the HV-AN 150 LISNs 50 Ω terminal when the 

DC-DC converter is resorted to RFM and conventional PWM. The same switching frequency and 

spreading factor (20 kHz and 30% respectively) were considered as that of the simulation activities 

presented in Section 3.2.3. Experimental results confirmed that the CE measured with RFM shows 

significant reduction compared to the conventional PWM by more than 15 dB. Besides, the CE is more 

spread as the spreading factor was increased from 5 to 30 % which is in line with the conclusion reached 

during simulation (see Figure 3.20 (b)).  

Another experimental activity was to examine RPPM. As depicted in Figure 3.21 (a), RPPM offers 

better attenuation of the CE peaks of the DC-DC converter compared to conventional PWM. Besides, 

Figure 3.21 (b) shows the dependance the CE's of the RPPM based DC-DC converter on the spreading 

factor where the same conclusion was reached during simulation activities.  
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(a) 

 

(b) 

Figure 3.20: Experimental result of the CE's of the DC-DC converter: (a) PWM Vs RFM, and (b) under 

different values of the spreading factor of the RFM. 

It is also very important to compare RFM and RPPM in terms of CE reduction. Figure 3.22 (a, b, 

c) shows the comparison of RFM and RPPM at the 5%,15% and 30% spreading factor. In all cases, 

RFM outperforms RPPM considering CE reduction. Of course, this comparison may not seem vital 

since the parameters which are controlled in both RWM techniques are different. However, it is possible 

to compare them considering maximum possible CE reduction of each RPWM techniques since RFM 

doesn’t show variation in CE above 30% spreading factor and RPPM has a limitation of the maximum 

pulse position which is possible to vary as defined in (3.10). Therefore, it is possible to conclude that 

the noise coming out of the DC-DC converter in case of RFM was more spread than RPPM. This may 

have a negative impact on the coexistence issues which will be outlined in the next chapter of this thesis. 

Apart from the CE reduction, RFM is easier to implement than RPPM. This is true in both software 

simulation and experimental test setups. However, the latter provides fixed switching frequency and 
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can be used in applications where switching frequency is a priority. Besides, the additional 

consideration in choosing the right modulation scheme is coexistence issue. 

 

(a) 

 

(b) 

Figure 3.21: Experimental result of the CE's of the DC-DC converter: (a) PWM Vs RPM, and (b) under 

different values of the spreading factor of the RPPM. 
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(a) 

 

(b) 

 

(c) 

Figure 3.22: Experimental result of the CE's of the DC-DC converter where RFM and RPPM are 

compared with PWM at the spreading factor of : (a) 5%,  (b) 15% and (c) 30%. 



 Chapter 3 - Random Pulse Width Modulation 

48  

 

3.4. Conclusion 

In this chapter, the most common RPWM techniques which are being deployed 

to reduce the CE's of many converter topologies are discussed. The chapter summarized the details of 

the implementation of different RPWM techniques both in simulation software and practical 

experiments as well as the comparison of those RPWM techniques in terms of CE reduction. Besides, 

the main parameter which affect the effectiveness of the specific RPWM techniques mainly the effects 

of the spreading factor on the reduction of the CE of power converters is discussed. Firstly, a simulation 

activity using PSpice-Simulink co-simulation was carried out aiming at comparing the CE's of SiC 

based DC-DC converter and Inverter under different modulation schemes. The obtained results proved 

the effectiveness of RPWM techniques in spreading conducted noise spectra, thus leading to an overall 

reduction of the CE peaks obtained by standard PWM schemes. Indeed, more than 15 dB CE reduction 

was obtained by resorting to RPWM. Results also showed that RFM outperforms RPPM and RDM in 

terms of CE reduction. In fact, RFM is the most common and the easiest one compared to the other 

RPWM techniques. Besides, the simulation result confirmed that the spreading factor in all RPWM 

techniques plays significant role in their effectiveness of CE reduction, i.e., higher value of spreading 

factor results more spread noise and better CE attenuation. Also, this chapter has presented the 

advantages of PSpice-Simulink co-simulation, which despite not be a multiphysical simulation, it means 

that the reliability of results is not enough to consider all the possible circuit's parasitics couplings, is 

proven to be a suitable tool. Indeed, the features available in Simulink allow to easily implement a 

whatever control scheme, and the PSpice allows accurate modelling of the converter as well as the 

inclusion of realistic models of the involved circuit component. In this regard, it is worth mentioning 

here that the same simulations carried out by neglecting parasitics in the converter, would have led to 

inconsistent results, since the non-ideal behavior of components significantly determines the generated 

noise in the CE frequency range.   

The simulation results were confirmed by the laboratory experiments where different RPWM 

signals were generated by using F28379D microcontroller and applied to KIT-CRD-3DD065P SiC 

based bidirectional DC-DC converter. Indeed, the experimental results were in line with the simulation 

results in such a way that the advantages of using RPWM on reducing the CEs of the DC-DC converter 

was clearly outlined. Besides, experimental results also showed the positive effect of the spreading 

factor in spreading the CE of the DC-DC converter, which is indeed a nightmare to the coexistence 

issues associated with coexisting communication systems as it will be discussed in the coming chapter.  
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CHAPTER 4  

Electromagnetic coexistence issues in PLC systems 

 

4.1.  EM coexistence issues in PLC systems 

PLC technology requires further investigation to solve possible coexistence issues. The presence 

of power electronics converters in the AC mains represents a source of high frequency conducted noise, 

which may cause coexistence issues with the PLC signal. Besides, there is urgent need to study the 

interference between randomly modulated converters and PLC systems since the spreading of the noise 

spectrum resulting from random modulation may cause problems on the communication system. In fact, 

enough research has not been conducted on this area. Undoubtedly, random modulation offers the 

benefit of reducing the CEs by spreading the noise spectrum in the frequency range of interest. 

However, this may cause an increase in transmission errors and the random modulated 

EMI can have detrimental effects over a wider bandwidth.  

The following section covers the research activity towards studying the effects of randomly 

modulated power converter on the coexisting communication system mainly PLC systems. The research 

work aimed to provide both simulation and laboratory activities towards this goal. Therefore, Section 

4.2 discusses the simulation campaign to model and study the interference between randomly modulated 

power converter and PLC systems in SG applications. Section 4.3 summarizes the laboratory test result 

of the cross interference between randomly modulated DC-DC converter and G3-PLC system. 

4.2.  Simulation of the EMI of Power Converter with Random Modulation on the PLC 

System 

It was discussed in Chapter 3 that, RPWM allows controlling the switching signal of power 

converters to reduce the harmonic peaks by spreading the noise spectrum. However, when the 

converters coexist with PLC systems, such as in Smart Grid (SG) applications, resorting to RPWM 

needs further investigations since it potentially affects the communication channel by increasing the bit 

error rate. In contrast, enough research has not been conducted on the effects of power converter 

modulation schemes on PLC systems. Undoubtedly, random modulation offers the benefit of reducing 

the CEs by spreading the noise spectrum in the frequency range of interest. However, this may cause 

an increase in transmission errors and the random modulated EMI can have detrimental effects over a 

wider bandwidth.  

In [57], the model of PLC system for SG application is presented. The main objective in [57] is to 

model a PLC system for smart metering application using SIMULINK. However, a systematic analysis 

of the interference between the communication system and the noise exiting the power converters with 

different modulation schemes is not addressed. In fact, in that paper, only PWM modulation is 

considered for power converters. In [58], it is proven that applying RPWM on an AC/DC converter 

causes more signal errors or delays in the PLC system compared to conventional PWM. Contrary to 

this, in [59], it is presented that resorting to RPWM modulation allows improving transmission 

performance.  
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In [60], the effects of power converter modulation scheme on low frequency digital communication 

systems were studied, and it was proven that RPWM does not have significant effect on digital 

communication systems. Recently, in [61], the influence of a random modulated SiC-based buck 

converter on the G3-PLC channel performance is presented, where it was shown that the use of RPWM 

reduces the channel capacity compared to conventional PWM. However, in that work, only a specific 

random modulation technique was implemented (i.e., random frequency modulation), and other 

strategies (such as the random pulse position modulation considered in this work) were not considered. 

Therefore, further investigations are still needed to investigate the advantages/disadvantages of different 

RPWM in power grids involving PLC systems. Besides, simulation models combining accurate 

modeling of both the power and communication parts of the systems still need to be developed. Indeed, 

although several models of each separate parts of the system are already available, there is a lack of 

simulation models in which both the power system and the communication system are modeled as a 

whole. 

Therefore, this work is intended to investigate the effects of power converter modulation schemes 

on PLC system, to understand the conditions under which RPWM can be considered as an 

effective alternative to conventional modulation schemes using software tools. To this end, the PLC 

system is implemented for AMR application in SG, that is to measure the load voltage remotely. The 

proposed model combines accurate models of both the power part and communication part 

of the PLC system using simulation tools. Particularly, SIMULINK is used to implement 

the PLC modem and the power circuit, including the RPWM scheme. Furthermore, this 

work also investigates the detrimental effects that unsymmetrical AC wires play on the 

PLC system. 

4.2.1.  Description of the System under Analysis 

Figure 4.1 shows the principal diagram of the system under analysis, which is divided into two 

parts: the power part, i.e., the AC system which is used to deliver power, and communication part, i.e., 

the system which enables data communication through the power line. The power part of the system 

represents a grid connected PV based renewable energy system and composed of Photovoltaics 

(PV)/battery, boost converter, an inverter, three phase transmission line, and AC grid. The boost 

converter boosts the battery/PV voltage to the desired DC link voltage of the inverter. The output of the 

inverter is connected to the AC grid through a three-phase transmission line. The three-phase load is 

fed from the PV and the grid simultaneously [57]. 

 
 

Figure 4.1: Block diagram of the PLC system under analysis. 
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The measured load voltage (in this case, the communication signal) is transmitted to the inverter 

side by using PLC. To this end, the communication signal is modulated by QPSK modulation and 

coupled to the AC system using RC couplers and demodulated by the QPSK demodulator connected at 

the inverter output. In addition to this, RPWM is implemented and applied to the DC-DC converter, 

whereas conventional PWM is applied to the inverter in order to analyze only the effects of Random 

Modulated DC-DC converter on the PLC system. 

4.2.2. Simulation Implementation 

MATLAB SIMULINK is used to implement the overall system, as shown in Figure 4.2. The top 

box represents the power part (Section 4.2.1), the bottom represents the communication system (central 

box), and the control part, i.e., RPWM generator for the DC-DC converter (bottom-left box) and PWM 

generators for the inverter (bottom-right box). A detailed description of these models will be provided 

in the following sections. 

 

4.2.2.1.  Circuit Model of the AC system 

This subsection provides a detailed description of the circuit models adopted to 

implement the power part of the system under analysis. The PV panel is represented by an equivalent 

battery source. Besides, the same circuit discussed in Chapter 3 was used in this part to represent the 

battery, DC-DC converter, and the inverter with considering parasitic elements. The inverter output is 

synchronized with the AC grid by using a Phase-locked loop (PLL) circuit. The PLL determines the 

frequency of the AC grid, and this frequency is used to generate the sinusoidal PWM signals for the 

inverter so that both the inverter and the grid are kept synchronized.  

 

Figure 4.2: SIMULINK schematics of the PLC system under analysis. 
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Short transmission line model is adopted to represent the AC line. The length of this line is assumed as 

100 m, and the frequency of interest is 250 kHz (up to 10th order harmonics of the DC-DC converter). 

Therefore, the three-phase transmission line is approximated by lumped element model considering 

only the per-unit resistance, inductance, and capacitance of a four-conductor copper wire, each with 

size of 4 mm2 [62]. The specific RPWM scheme is considered in this work is RPPM. 

 

Figure 4.3: SIMULINK implementation of the analog to digital converter. 

 

4.2.2.2.  Implementation of the Communication System 

Key ingredients of the communication systems are: 

1. analog-to-digital conversion (ADC) of the load voltage, 

2. modulation of the digital signal, 

3. coupling/decoupling, and 

4. demodulation 

A detailed description of the implementation of the above features is provided in the next paragraphs. 

4.2.2.2.1.  Analog-to-Digital Conversion 

The first step is to measure the load voltage (rms), scale it down to a suitable value and convert the 

resulting analog signal into an equivalent digital signal. The ADC is implemented first by sampling the 

analog signal with sampling frequency of 50 kHz. After that, the sampled signal is quantized with the 

quantization level of 0.4 V. The quantized signal is converted or approximated to the nearest integer 

value and converted to bits by using the integer to bit converter block available in SIMULINK, as shown 

in Figure 4.3. 

4.2.2.2.2.  Signal Modulation 

The digital signal is then modulated by using QPSK modulator. Two sinusoidal carrier waves in 

quadrature to each other are used for implementing QPSK. The carriers have a frequency of 5 kHz and 

have phase difference of 90 degrees. The bits from the ADC are split into odd and even bits and 

converted from unipolar to bipolar. Then, even bits are multiplied with the in-phase carrier (cosine), 

and odd bits are multiplied with the quadrature carrier (sine), thus leading to two independent Phase 

Shift Key (PSK) modulated signals. The two PSK signals are added to obtain the QPSK modulated 

signal. The overall process of QPSK modulation is implemented in SIMULINK by the schematics 

shown in Figure 4.4. 
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4.4.2.2.3. Coupling/Decoupling with the AC Mains 

        In order to couple the modulated signals through the AC mains, the capacitive coupling/decoupling 

circuit topology shown in Figure 4.5 are used. 

4.2.2.2.4. Signal Demodulation 

To recover the modulated signal, the signal received from the decoupling circuit, which inherently 

includes also high frequency noise exiting the converters, is multiplied by the in-phase and in-

quadrature carrier waves. This results in the separation of the PSK waves. Each wave passes through 

an integrator and low pass filter in order to avoid the high frequency components and then compared in 

the comparator to retrieve the odd and even bits. The obtained bits are then converted into integer 

numbers. Figure 4.6 shows the demodulation circuit implemented in SIMULINK. 

 

Figure 4.4: QPSK modulator circuit implemented in SIMULINK. 

 

 (a) 

 

 (b) 

Figure 4.5: Capacitive (a) coupling and (b) decoupling networks implemented in SIMULINK. 
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Figure 4.6: SIMULINK implementation of the QPSK demodulator. 

 

Figure 4.7: SIMULINK implementation of the digital-to-analog converter. 

4.2.2.2.5.  Digital-to-Analog Conversion 

Eventually, the demodulated signal is converted into the corresponding analog signal, to allow the 

comparison with the original one. To this end, an analog filter with cutoff frequency 100 Hz is used for 

digital-to-analog conversion, as shown in Figure 4.7. Figure 4.8 shows the even (brown) and odd (black) 

bits obtained from the message signal and the resulting QPSK modulated signal (blue). As it can clearly 

be seen, the QPSK modulated signal has four phase shifts according to the input bit combinations, as 

expected from QPSK modulator. 
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Figure 4.8: Binary bits and QPSK modulated signal waveforms. 

Figure 4.9 illustrates the original message signal (red) and its scaled down version (black) to 3 V. The 

scaled down signal is transmitted to the PLC system and recovered using the QPSK demodulator. 

 

Figure 4.9: Message signal: (top) original signal, (bottom) scaled down signal. 
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4.2.3.  Results and Discussion 

Toward the objective of assessing the influence of RPWM in power grids involving PLC systems 

using simulation tools, two test cases will be considered as follows. 

In the first test case, the switching frequency of the DC-DC converter is set to 25 kHz, and the 

modulation frequency of the QPSK modulator to 5 kHz. In this case, RPWM led to an increased bit 

error rate (1016 errors out of 10,000 samples) with respect to PWM (572 errors), as shown in Figure 

4.10. This is because the peaks of the noise exiting the DC-DC converter do not affect the 

communication signal, i.e., the frequency of the communication signal does not overlap with the 

significant noise peaks from the DC-DC converter. This is shown in Figure 4.11, where the CEs of the 

DC-DC converter with conventional PWM (blue) and RPWM (red) are shown and compared with the 

QPSK modulated message signal (black). It is shown that resorting to RPWM modulation reduces the 

noise peaks by more than 10 dB compared to the conventional PWM. However, RPWM spreads the 

noise spectrum, which exhibits higher amplitude than the conventional PWM in the frequency range 

around 5 kHz (see the black box in Figure 4.11), with a consequent increase of the interference with the 

communication signal. This conclusion is in line with the one drawn in [61], where it was proven that 

RPWM causes more frame error rate than the conventional PWM. However, the RPWM scheme 

considered in [61] is based on varying the switching frequency of the pulse signal, i.e., the RPWM 

strategy adopted in that work is different from the one exploited here. 

 

Figure 4.10: Bit error rate: PWM (blue) versus RPWM (orange). 
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Figure 4.11: Voltage harmonics at the DC-DC converter output: PWM versus RPWM (25 kHz 

switching frequency) and frequency spectrum of QPSK modulated signal. The x-axis is in logarithmic 

scale. 

Conversely, the advantages of RPWM modulation can be seen if the switching frequency of the 

DC-DC converter is reduced to 10 kHz, and the modulation frequency of the QPSK modulator is 

increased to 15 kHz. Figure 4.12 shows the frequency spectrum of the noise exiting the DC-DC 

converter with PWM (blue) and RPWM (red), along with the spectrum of the QPSK modulated signal 

(black). In this case, the peaks of the noise spectra of the DC-DC converter overlap with the spectral 

components of the modulated signal. Since the amplitude of the noise peaks is reduced, thanks to 

RPWM, the bit error rate with RPWM reduces from 1016 to 454, while the bit error rate with PWM 

reduces from 572 to 464, as shown in Figure 4.10. It is worth noticing that lower switching frequency, 

even for PWM, also results in less interference to the communication signal. 

 
Figure 4.12: Voltage harmonics at the output of the DC-DC converter: PWM versus RPWM 

(10 kHz switching frequency) and frequency spectrum of QPSK modulated signal. The x-axis 

is in logarithmic scale. 
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Figure 4.13: Bit error rate with coupling/decoupling networks connected between two phases or 

between one phase and ground (25 kHz switching frequency). 

 

Figure 4.14: Bit error rate with coupling/decoupling networks connected between two phases or 

between one phase and ground (10 kHz switching frequency) 

 

To assess the effects that symmetry/asymmetry of the power cables plays on the PLC system, an 

additional example is simulated. To this end, the communication signal was connected between two 

phases rather than one phase and ground as in the previous examples. Figure 4.13 shows the bit error 

rate obtained when the communication signal is transmitted between the two phases (the switching 

frequency of DC-DC converter, in this case, is 25 kHz). The bit error rate drops from 572 to 523 for
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conventional PWM and from 1016 to 525 for RPWM when the communication signal is connected 

between the two phases of the AC system. Likewise, Figure 4.14 shows the bit error rate obtained when 

the communication signal is transmitted between the two phases (in this case, the switching frequency 

of the DC-DC converter is 10 kHz). The bit error rate drops from 464 to 410 for conventional PWM 

and from 454 to 427 for RPWM. This is because connecting the modems between two phases assures 

better balancing with respect to phase-to-ground connection; hence, signal transmission is affected by 

less interference. 

4.3.  Influence of Random Modulated Power Converter on G3-PLC 

This section presents an experimental test campaign to study the interference between the power 

converters and G3-PLC system. G3-PLC is a widespread communication protocol in many PLC 

applications such as in the SG framework. However, recent research results put in evidence that it may 

suffer from potential coexistence issues associated with the power converter modulation scheme being 

used. In particular, RPWM modulated converters have been found to interfere with the PLC. 

As summarized in section 4.2.1 there are contributions discussing the comparison between 

conventional PWM and RPWM effects on the PLC system [58-61]. In general, only specific random 

modulation schemes (mainly RFM) were investigated in the literature and further investigations on 

other random modulation strategies are required. Moreover, additional investigations are required to 

determine which random modulation scheme is most suitable for power converters in applications 

involving PLC. Besides, there are also many parameters which influence the random modulation 

schemes such as the switching frequency of the RPWM, the spreading factor and the RNUR. Hence, 

more analysis is required to identify constraints on these parameters, assuring coexistence with PLC. 

For instance, the switching frequency of the randomly modulated power converter is not constant, i.e., 

it depends on the specific application, and it is very difficult to draw general conclusions about 

coexistence issues, by considering specific switching frequencies only. Besides, the spreading factor 

specifies by how much the pulse position of the RPPM should vary and it surely plays a significant role 

on the coexistence issues. The RNUR determines how fast the pulse position of RPPM should change, 

and it obviously affects the operation of the RPPM as well.  

In line with these objectives, this part is aimed at investigating the effects of the RPPM on G3-

PLC system and at comparing the results with previous experimental findings obtained with other 

modulation strategies (such as the RFM) to understand which modulation scheme could better to assure 

coexistence. To this end, an experimental test campaign aimed at examining the effects of the main 

parameters which affect the RPPM such as the switching frequency, spreading factor and the RNUR on 

the performance of G3-PLC is carried out. The performance of the G3-PLC is assessed by considering 

the FER, the Channel Capacity and the Channel Capacity Loss. 

4.3.1. Overview of G3-PLC 

The G3-PLC selected for this activity works in the low frequency CENELEC A band with 

specific frequency between 35 kHz and 91 kHz (see Table 4.1 for details).  

Table 4.1: Specifications of the G3-PLC considered in this work. 

Layer                     Feature 
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PHY 

  Modulation                                OFDM 

  No. of sub carriers                    36 

  Frequency Band                       CENELEC A (35 kHz-91 kHz) 

  Sub carrier modulation              DBPSK 

  Max data rate                            up to 34 kbps 

  Sent frames                               3000 

  Time between frames                100 ms 

 

4.3.2. Experimental test setup considering DC-DC converter as a noise source. 

A principle drawing of the test bench is shown in Figure 4.15. Two G3-PLC modems are used as 

transmitter and receiver, in the frequency band 35 kHz - 91 kHz (see spectra in Figure 4.16) and, are 

connected by a 42-meter-long 230 V AC cable to transmit the communication signal between the two 

AC line terminals. An isolation transformer is used to separate the AC line from the grid. The AC line 

is coupled with the random modulated DC-DC converter through a coupling capacitor of 10 nF. Indeed, 

in this work a three-phase inverter (one of its legs) is used as a buck DC-DC converter (step-down 50 

V DC source to 25 V with a duty cycle of 0.5). The converter has a maximum DC link voltage capacity 

of 450 V with a 2200 µF DC link capacitor. Six IXGH40N60C2D1 IGBTs are deployed in this specific 

converter circuit. The output of the DC-DC converter is connected to a variable resistor load fixed at 8 

Ω.  

 

Figure 4.15: Schematics of the experimental test bench with the G3-PLC system coupled with the DC-

DC converter through a coupling capacitor. 
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PWM/RPPM can be easily implemented using microcontroller and SIMULINK. Hence, the code for a 

specific modulation technique is generated using SIMULINK and deployed to F28379D launchpad for 

real time operation (see Appendix A2). A picture of the experimental test setup is shown in Figure 

4.17. 

 

Figure 4.16: Frequency spectrum of the exploited G3-PLC signal. 

Figure 4.17: Experimental test bench. 

 

4.3.3. Results and Discussion 

The performance of the G3-PLC is assessed by considering the FER, the Channel Capacity and 

the Channel Capacity Loss metrics. The FER indicates the percentage of data frames correctly received 

over the total data frame sent through the communication system, and can be determined as: 

 

           𝐹𝐸𝑅(%)  =  
(𝑆𝑒𝑛𝑡 𝑓𝑟𝑎𝑚𝑒𝑠 − 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑓𝑟𝑎𝑚𝑒𝑠)

(𝑆𝑒𝑛𝑡 𝑓𝑟𝑎𝑚𝑒𝑠)
𝑥100                         (4.1) 
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The Channel Capacity, C, indicates the maximum bits of data that the communication system can in 

the unit time [25], and is defined as:             

                                         𝐶 = ∫   log2 (1 +
𝑆(𝑓)

𝑁(𝑓)⁄ )  𝑑𝑓                                         (4.2)
𝑓2

𝑓1

 

 

where, 𝑓1 and 𝑓2  are the lower and upper frequency bands of the G3-PLC, S(f) is the PSD of the G3-

PLC and N(f) is the PSD of the noise which encompasses two contributions:  

                                     N(f) = N_0 (f) + N_EMI (f)                                                                 (4.3) 

 

where, N_0 (f) denotes the PSD of the background noise and N_EMI (f) denotes the PSD of the noise 

from DC - DC converter. Eventually, the Channel Capacity Loss is defined as:  

                     CLoss(%) =
(C0 − CG3)

C0 
𝑥100                                                            (4.4) 

where, CG3 and C0 denote the Channel Capacity of the G3-PLC with and without the noise from the 

DC-DC converter (N_EMI).  

4.3.3.1.  Effects of the Converter Switching Frequency  

This section presents experimental results showing the effects of the switching frequency of a 

randomly modulated power converter on the G3-PLC system. Hence, different switching frequencies 

from 10 kHz to 100 kHz are considered for this analysis.  

Figure 4.18 shows the FER calculated from 3000 frames of data transmitted through the G3-PLC 

when different switching frequencies are applied to the DC-DC converter resorting to RPPM. The input  

 

Figure 4.18: FER of the G3 PLC vs. switching frequency of the DC-DC converter modulated with 

RPPM. 
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of the DC-DC converter is fixed to 50 V. The FER is significantly higher in the G3-PLC bandwidth 

(when the switching frequency of the DC-DC converter is in the range 35 kHz - 91 kHz) with maximum 

value of around 60 kHz (i.e., the center frequency of the PLC bandwidth). However, the FER is not 

significant where the switching frequency of the DC-DC converter is out of the bandwidth of the G3-

PLC. This result allows drawing the conclusion that RPPM could influence the G3-PLC only when the 

switching frequency of the power converter is in the bandwidth of the G3-PLC system.  

A similar analysis involving RFM was carried out in [61], with the same input voltage of the DC-

DC converter (50 V) and switching frequency varied from 50 to 75 kHz. Some of the results obtained 

in [61] are summarized in Table 4.2. The comparison allows appreciating that RFM (with 15-30% 

spreading factor) causes significantly larger FER (more than 40%) compared to RPPM with maximum 

FER of 8% obtained at 20 % spreading factor (which is the maximum possible pulse position variation 

as defined in (4.5)) around the intermediate switching frequency (60 kHz). Even with lower spreading 

factor, RFM causes higher FER than RPPM. This is because the bandwidth of the noise generated by a 

DC-DC converter with RFM is wider (i.e., the noise is more spread) than with RPPM. This can be easily 

appreciated in Figure 4.19, where the CE exiting the same DC-DC converter driven by different 

modulation schemes (PWM, RFM and RPPM at the 20 kHz switching frequency) are compared. The 

comparison unveils that even if RFM is more effective than RPPM for EMI reduction, RPPM offers 

significant advantages in terms of assuring coexistence with communications systems. Of course, better 

performance of RFM can be obtained by adjusting the working parameters, i.e., by reducing the 

spreading factor of RFM it is possible to have lower interference to the G3-PLC but with lower CE 

reduction. This corroborates the conclusion that choosing the right modulation scheme is to be intended 

as a trade-off between EMI reduction and the coexistence issues.  

 

Figure 4.19: Comparison of the CE exiting the same DC-DC converter driven by different 

modulation schemes. 
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Figure 4.20: Channel Capacity of the G3-PLC with different switching frequencies applied to the 

RPPM modulated DC-DC converter.  

This conclusion is also confirmed when the Channel Capacity is considered. As depicted in Figure 

4.20. The Channel Capacity of the G3-PLC reduces when the switching frequency of the converter is 

near the intermediate frequency of the G3-PLC system. However, for switching frequencies out of the 

bandwidth of the G3-PLC, the Channel Capacity is not significantly affected. The worst Channel 

Capacity in case of RPPM obtained is at switching frequencies around 60-63 kHz (498 kb/s) and results 

to be significantly higher than the minimum Channel Capacity obtained in [61] with the DC-DC 

converter driven by the RFM (390 kb/s at the spreading factor ‘α=30%’ and 63 kHz switching 

frequency).  

These observations are confirmed also in terms of Channel Capacity Loss. Indeed, Figure 4.21 

shows that the G3-PLC Channel Capacity Loss takes maximum value (18%) at 60 kHz, which results 

to be significantly lower than the maximum Channel Capacity Loss (48%) observed in [61] for RFM 

(with spreading factor ‘α=30%’). 

Table 4.2: Comparison of the performance of G3-PLC assessed with RFM and RPPM applied to 

the DC-DC converter [61] 

 

Frequency (kHz) 

G3-PLC performance 

FER (%) Channel Capacity 

(kb/s) 

Channel Capacity 

Loss (%) 

RFM RPPM RFM RPPM RFM RPPM 

60-63 

50 

75 

   50 

   8 

   4 

   8 

   5 

   3.5 

  390 

  460 

  370 

  498 

  515 

  503 

  48 

  40 

  50 

  18 

  16 

  17 
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Figure 4.21: Channel Capacity Loss of the G3-PLC with different switching frequencies applied to 

the RPPM modulated DC-DC converter. 

4.3.3.2.  Effects of Random Number Update Rate and Spreading Factor  

In this section, the effects of the RNUR and the spreading factor of randomly modulated power 

converter on the G3-PLC system are investigated.  

The RNUR of the random number (see Appendix A2) plays a significant role on signal 

transmission since, with higher RNUR of the random number the pulse position of the RPWM changes 

rapidly. 

The spreading factor determines how much the pulse position could be varied with respect to the 

switching period. CE reduction is proportional to the spreading factor since higher value result in higher 

reduction of the CE peak. Indeed, the maximum pulse position variation ∆𝑚𝑎𝑥 should be: 

 

                                               ∆𝑚𝑎𝑥≤ (𝑇 − 𝑑)                                       (4.5) 
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Figure 4.22: FER of the G3 PLC measured with different values of RNUR and spreading factor of 

the RPPM modulated DC-DC converter @ 60 kHz switching frequency. 

 

Figure 4.23: Channel Capacity of the G3 PLC measured with different values of the RNUR and the 

spreading factor of the RPPM modulated DC-DC converter @ 60 kHz switching frequency. 
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Based on the results obtained in Section 4.3.3.1, to analyze the effects of the RNUR of the random 

number and the spreading factor, three switching frequencies are chosen in which one is around the 

intermediate frequency of the G3-PLC (60 kHz) where maximum disturbance due to random 

modulation is registered (see Section 4.3.3.1) and the other two are out of the frequency band of the 

G3-PLC (10 kHz and 100 kHz). A range of RNUR and spreading factor values are considered to assess 

the performance of the G3-PLC.   

Figure 4.22 shows the FER obtained when the switching frequency of randomly modulated 

converter is 60 kHz, and the RNUR and the spreading factor take values in the intervals (0.16 % - 100 

%) and (5% - 20%) respectively. The obtained result shows that the FER is directly proportional to both 

the RNUR and the spreading factor. The FER increases when the RNUR and the spreading factor 

increase. This result further confirms that there is a trade-off between EMI reduction and coexistence 

issues, i.e., increasing the spreading factor helps reducing the peaks of the converter CE (see Figure 

4.25). However, it causes more disturbance to the G3-PLC.  

The Channel Capacity of the G3-PLC with respect to the RNUR and the spreading factor is 

depicted in Figure 4.23. The Channel Capacity exhibits significant reduction when both the RNUR and 

the spreading factor are increased. The reduction with the RNUR is significant for large values of the 

spreading factor. Conversely, for small spreading factors, limited variations are observed. These results 

are also confirmed in terms of Channel Capacity Loss as shown in Figure 4.24. Normally, also the 

Channel Capacity Loss increases with an increase in both the RNUR and the spreading factor.  

The performance of the G3-PLC for switching frequencies outside the PLC bandwidth are shown 

in Figure 4.26 and Figure 4.27 respectively, confirming an increase of the FER when both the RNUR 

and the spreading factor increase. However, the amount of variation in Figure 4.26 and Figure 4.27 is 

insignificant compared to the results in Figure 4.22.  

 

Figure 4.24: Channel Capacity Loss of the G3 PLC calculated with different values of the RNUR and 

the spreading factor of the RPPM modulated DC-DC converter @ 60 kHz switching frequency. 
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Figure 4.25: CE of the DC-DC converter measured with different values of the spreading factor @ 20 

kHz switching frequency and @ 33% RNUR. 

 

Figure 4.26: FER of the G3 PLC measured with different values of the RNUR and the spreading 

factor of the RPPM modulated DC-DC converter @ 10 kHz switching frequency.  
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Figure 4.27: FER of the G3 PLC measured with different values of the RNUR and the spreading 

factor of the RPPM modulated DC-DC converter @ 100 kHz switching frequency. 

Therefore, it is possible to conclude that the RNUR and the spreading factor of randomly modulated 

power converter plays a significant role in affecting the G3-PLC only when the switching frequency of 

the power converter overlaps with the bandwidth of the G3-PLC, and negligible for switching 

frequencies out of the bandwidth of the G3-PLC. This conclusion is confirmed also in terms of Channel 

Capacity and Channel Capacity Loss, whose plots are omitted for sake of brevity. 

4.4.  Conclusion 

This chapter presented the research carried out to study the coexistence issues between randomly 

modulated power converters and coexisting PLC systems using both simulation tools and laboratory 

experiments.  

Firstly, the effects of using RPWM to control the switching activity of power electronics converters 

in power systems involving PLC for advanced meter reading are investigated using software tool. To 

this end, both the power and the communication part of the system were modeled in SIMULINK. The 

comparison versus traditional PWM is carried out in terms of bit error rate achievable by application of 

the two modulation schemes. Additionally, the effects of connecting the PLC modems to the power line 

in different configurations is presented. Based on the obtained results, it is possible to conclude that 

applying RPWM on the power converter in the PLC system, besides having a significant effect on 

reducing the CEs, results in less bit error rate compared to the conventional PWM when the modulation 

frequency of the communication signal and the frequency of the significant peaks of the noise exiting 

the DC-DC converter are overlapping. Conversely, higher bit error rate will be obtained if the two 

frequency spectra do not overlap. Of course, the PLC considered in this part is a low data rate PLC with 

a capacity of 5kb/s data transmission and with QPSK modulation. The results might change with high 

data rate PLC and with other communication modulation schemes such as OFDM modulation being 

deployed. But the obtained results give a general conclusion that, whichever modulation scheme
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applied, i.e., PWM or RPWM, who has higher noise spectrum in the frequency band of the 

communication system, causes more communication problem. Results also showed that, to improve the 

bit error rate, it is preferable to connect the PLC coupling/decoupling networks between two phases of 

the power line, rather than between a phase and ground, since this assures higher symmetry of the PLC 

channel. 

Next, the coexistence issue between power and data lines in G3-PLC systems in the presence of 

randomly modulated power converters has been investigated using laboratory experiments. The effects 

of different parameters of RPWM scheme driving power converter (switching frequency, spreading 

factor and RNUR) on the G3-PLC are assessed in detail. Communication performance is evaluated in 

terms of FER, Channel Capacity and Channel Capacity Loss. The obtained results have confirmed that 

switching frequencies close to the bandwidth of the G3-PLC cause interference in the PLC system more 

than those out of the frequency bandwidth.  Besides, the comparison between different RPWM schemes 

such as RPPM and RFM applied to power converter on their performance in assuring coexistence is 

investigated, where experimental results have showed that there is a trade-off between CE reduction 

and coexistence issue with communication systems. Namely, even if RPPM is not as effective as other 

schemes (as for instance RFM) in reducing the CE exiting the converter, however this modulation 

scheme outperforms RFM in terms of assuring coexistence with communication systems. Moreover, 

the effects of other RPWM parameters, such as the RNUR and the spreading factor, on the PLC system 

have been experimentally examined to draw general conclusions on the effectiveness of RPWM in 

assuring coexistence. Results showed that the RNUR and the spreading factor of RPWM have a direct 

effect on the communication channel performance. Indeed, the performance of the G3-PLC degrades 

with the increase in the RNUR and the spreading factor. However, this is true only when the switching 

frequency of the randomly modulated converter overlaps with the bandwidth of the G3-PLC. Otherwise 

the effect is almost negligible. In general, it is possible to draw two main conclusions based on the 

experimental analysis. First, randomly modulated power converter may deteriorate G3-PLC 

performance when the converter switching frequency is near the bandwidth of the communication 

channel. The interference can be avoided or reduced to the minimum by choosing different/non over-

lapping frequency bands for the converters and or the PLC systems. Another conclusion is that among 

the available RPWM schemes, RPPM is less detrimental than RFM. Obviously, RFM may also result 

less interference to the G3-PLC if lower spreading factor is chosen but with compromising CE 

reduction.
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CHAPTER 5 

Behavioral modelling of G3-PLC modems 

 

5.1.  Modelling of G3-PLC Modems for Low-Frequency EMI analysis 

G3-PLC is among the communication protocols which is mostly deployed in power system 

networks such as SG application. Modeling the G3-PLC modem for EMI analysis using detail network 

diagram (white-box modelling) is very challenging since the modem is very complex, and due to the 

limitation of the detail information of the components being used in. Therefore, this section presents an 

experimental test campaign to find an alternative modelling approach to represent the G3-PLC modems 

in their desired frequency band using black-box modelling technique.  

Black-box modelling of noise sources, mainly power converter, is a very common subject where 

many modelling techniques have been studied so far including the Norton Thevenin equivalent model 

as discussed in Chapter 2 [42,63]. Although such a black-box modelling approach does offers very 

promising EMI models, there is a limitation which is that the device under analysis should be linear and 

time-invariant (LTI) system. This limitation is not necessarily affecting the modeling of power 

converters since they are usually equipped with large input capacitors and inductors, which can mask 

the nonlinear behavior of the converter semiconductor devices [64-66]. Additionally, power converter 

control algorithms are designed to track low frequency signals (DC or AC 50/60 Hz), so that they are 

typically effective up to a few kHz at most. The noise generated by power converters is then marginally 

affected by control algorithms and can hence be represented by means of a Norton Thevenin model. On 

the contrary, the linearity assumption may put a constraint on the use of this approach in the modeling 

of PLC systems, which are designed to inject controlled signals into the grid with a frequency up to 

some hundreds of kHz. The required control loops affect the validity of the aforementioned linearity 

assumption, so that the suitability of Norton Thevenin representation for PLC modems is to be verified.  

Nevertheless, there is a research gap in finding exact EMI models of PLC systems. There are many 

research activities to study the modulation being used in PLC systems using white-box modelling 

approaches [57]. But those models are only approximate models without considering detailed circuit 

components and cannot be used for EMI analysis in complex system like SG. There are also very 

interesting research works about the channel characterization of PLC systems for different applications 

[67,69]. Some mode-based modeling and analysis methods have also been proposed [70, 71]. However, 

the coexistence issue between power converters and PLC systems is a relatively new concept despite 

the latest research developments come to existence these days [58, 61]. Most importantly, the concept 

of modelling the PLC modem as a black-box is completely new. Accurate modelling of PLC modems 

is vital since they have many electronics components including some power conversion stages and 

rigorous closed-loop control systems which will play a significant role in EMI analysis of complex 

systems.  

Therefore, this part aims to provide a behavioral model of the G3-PLC system starting from an 

experimental test campaign, so that it can be easily integrated into complex networks and could help to 
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predict EMI. Firstly, to investigate whether G3-PLC modems can be modelled as linear sources, Norton 

Thevenin equivalent circuit representations are employed. In this case, the transmitting G3-PLC modem 

(PLC Tx) is considered as an intentional noise source and represented by a Thevenin equivalent circuit, 

while the receiving PLC modem (PLC Rx) is represented by an impedance matrix. A set of experiments, 

however, will reveal that when the modem is in transmitting mode, the linearity assumption is no longer 

satisfied, due to the effect of closed-loop control algorithms. Hence, by the substitution theorem, it is 

proposed to model the transmitting modem by a pair of ideal voltage sources, while still using an 

impedance matrix to model the receiver.  

5.2.  System under analysis 

Figure 5.1 shows the most common representation of SG where PLC systems integrated with 

distributed generations (DG) such as PV and wind, together with different loads such as smart homes 

and electric vehicles. The PLC systems play significant role by providing real time data exchange 

between the sources and loads as well as the user. In general, to predict the EMI in such kind of complex 

networks, we should get first the model of each device. Indeed, the noise sources associated with DG 

like DC-DC converters and inverters can be modelled using Norton Thevenin equivalent assuming that.  

 

Figure 5.1: Schematics representation of a typical PLC application in modern distribution systems. 

they satisfy LTI assumption. The main challenge is modelling the communication protocols inside SG, 

such as G3-PLC system. Those devices have strong control systems and plenty of electronics 

components which make them difficult to assume as an LTI system. However, once their model is 

adopted, it can be used in complex SG network to study the electromagnetic coexistence between power 

and communication systems. Besides, it will allow also to predict the electromagnetic emissions in the 

whole SG network. 

The schematics of the system considered in this work is shown in Figure 5.2. The simplified setup 

is aimed at representing a basic radial distribution network, where the system under analysis is supplied 

by the AC mains (230 V, single phase) through a short cable, and two PLC modems are connected to 

the power line. Additionally, two Line Impedance Stabilization Networks (LISNs) are included in the 

setup with the following three purposes. Firstly, LISNs reject high frequency noise possibly coming 

from the AC mains and provide a stable impedance in the frequency range of interest. This allows re-

moving possible sources of uncertainty, which is beneficial for the PLC model accuracy. Secondly, they 

Active loads
AC distribution system

Distributed 
generators

PLC Tx PLC Rx

Transmission line

Power line
Shared power/communication line
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provide additional measurement ports for measuring EMI. Finally, different LISNs can be used to offer 

a different set of impedances in the frequency range of interest for PLC modelling, without affecting 

the low frequency system behavior, allowing to perform multiple tests in well-defined conditions, which 

provides the data needed to verify the proposed behavioral model. The oscilloscope is connected to the 

measurement ports of the two LISNs in order to simultaneously measure the EMI coming from the 

system under analysis. It is worth noting that the schematic shown in Figure 2 is used not only for 

behavioral modeling but also for validation measurement. Specifically, in the validation stage, the 

circuit layouts of the LISNs are different from the one used for model extraction, providing data from 

different system working conditions. 

 

Figure 5.2: Principal diagram of the setup for PLC modelling. 

5.3.  Behavioral Modelling Procedure  

In this section, the procedure used to derive a Thevenin equivalent model representing the 

considered PLC system is presented. Norton equivalent circuits are not discussed for brevity, as they 

are a dual (equivalent) representation of the Thevenin model discussed in the following. The procedure 

to extract the passive part of the Thevenin model and to characterize the other passive elements of the 

system depicted in Figure 5.2 is described in Section 5.3.1. The procedure to extract the active part of 

the PLC Thevenin model is presented in Section 5.3.2. 

5.3.1. Procedures to Characterize the Passive Elements 

The circuit reported in Figure 5.2 can be subdivided in three main blocks: 1) PLC Tx, 2) 

transmission line and PLC Rx, and 3) AC mains and LISNs. Each of these elements is characterized by 

VNA measurement in terms of S-parameters. The following subsections present the procedure to 

determine the equivalent circuit representation of the passive part of those elements. 

5.3.1.1. Characterization of the PLC Tx and Rx Modems 

Since one of the PLC modems is operated as transmitter (PLC Tx) while the other one is operated 

as receiver (PLC Rx), it is reasonable to use an extracted Thevenin equivalent circuit for the PLC Tx 

unit, while the PLC Rx unit is modelled simply by an impedance matrix, i.e., the passive part of the 

Thevenin model. The Thevenin equivalent circuit for a two-port circuit element, used in the following 

for the PLC Tx, is shown in Figure 5.3(a), while the equivalent passive model, used in the following 

for the PLC Rx, is depicted in Figure 5.3(b).  
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(a) 

 

(b) 

Figure 5.3: Proposed behavioral model representation: (a) Complete Thevenin equivalent circuit, used to 

represent the PLC Tx, and (b) impedance representation used to represent the PLC Rx. 

      The PLC Tx and Rx modems are characterized independently by means of a VNA measurement. 

The PLC Tx is characterized as a two-port network, as shown in Figure 5.4(a), while it is switched off. 

The measurement results in a 2×2 S-parameters matrix, denoted hereon as STx, from which the passive 

part of the Thevenin model is extracted. To simplify the model verification procedure, the PLC Rx is 

directly characterized together with the transmission line, as shown in Figure 5.4(b). The measurement 

results in a 2×2 S-parameter matrix, denoted hereon as SRx.  

 

            (a) 

    

     (b) 

Figure 5.4: Characterization of: (a) PLC Tx, and (b) PLC Rx and transmission line.  

The corresponding impedance matrices ZRx, ZTx are obtained as: 

                                          ( )( )
1

, 0 2 , 2 ,TxRx Tx Rx Tx RxZ
−

= + −Z I S I S                 (5.1) 

where Z0 is the reference impedance, in this case equal to 50 Ω, and I2 is the 2×2 identity matrix. 

5.3.1.2. Characterization of the LISNs 

The considered setup includes two identical LISNs (HV-AN 150, [72]) connected to the phase and 

neutral wires of the AC mains. In addition to the two ports connected to the AC mains (P and N in 

Figure 5.2), each LISN has two ports: one for power connection (1 and 2 in Figure 5.2) and one for EMI 

measurements (3 and 4 in Figure 5.2). In order to accurately determine the relations between quantities 

at ports 1, 2 and measurements performed at ports 3, 4, it is possible to characterize the two LISNs as a 

four-port network, as depicted in Figure 5.5, yielding a 4×4 S-parameter matrix, denoted hereon as 

SLISN. The corresponding impedance matrix ZLISN is obtained as: 

                                            ( )( )
1

0 4 4LISN LISN LISNZ
−

= + −Z I S I S                   (5.2) 

where I4 is the 4×4 identity matrix. 
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Figure 5.5: Characterization of the two LISNs as a four-port network. 

5.3.2. Procedures to Characterize the Active Elements 

The setup depicted in Figure 5.2 has been selected with the twofold purpose of determining a 

Thevenin model for the considered PLC systems and allowing the variation of LISNs impedances in 

order to verify the obtained model. In these regards, the corresponding circuit representation is depicted 

in Figure 5.6, where the PLC Tx is represented by its Thevenin equivalent circuit, while PLC Rx and 

LISNs are represented by impedance matrices. 

 

Figure 5.6: Reference circuit for the calculation of PLC Tx Thevenin equivalent circuit voltages. 

To evaluate open voltage sources, 
1

LISNV ,
2

LISNV , the measurement of the voltages at the LISNs signal 

ports by means of an oscilloscope is the first step. The spectrum of the time-domain measured voltages 

is hence evaluated by FFT. The obtained frequency-domain voltages are hereinafter labelled as 
3

LISNV ,

4

LISNV . Therefore, neglecting the coaxial cables contributions, the currents drawn from the LISNs signal 

ports 
3

LISNI ,
4

LISNI  can be determined as: 

3
3

LISN
LISN

S

V
I

Z
= −   (5.3) 
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4
4

LISN
LISN

S

V
I

Z
= −             (5.4) 

where ZS is the oscilloscope input impedance. 

Then, the voltages 
1

LISNV ,
2

LISNV and the currents 
1

LISNI ,
2

LISNI  at the LISNs power ports can be 

determined by means of the ABCD representation of the LISN block, which is directly obtained from 
the measured S-parameters as:  

                                                           

1 3

2 4

1 3

2 4

LISN LISN

LISN LISN
LISN LISN

LISN LISN
LISN LISN

LISN LISN

V V

V V

I I

I I

   
   

    =     − 
   

−      

A B

C D
       (5.5) 

Once voltages and currents at the LISN power ports are obtained from (5.5), the circuit reported 

in Figure 6 can be solved to determine the voltage sources of the PLC Tx Thevenin equivalent circuit. 

To this end, a two-port representation of all elements is required. Hence, the port constraints at the PLC 

Tx and PLC Rx and related transmission line ports are hence represented by the following constitutive 

relations:  

1 1

2 2

Rx Rx

Rx Rx

RxRx Rx

V I

V I

   
=   

   
V I

Z           (5.6) 

1 1 1

2 2 2

Tx Th Tx

Tx Th Tx

TxTx Th Tx

V V I

V V I

     
= −     

     
V V I

Z           (5.7) 

where voltages and currents are defined as in Figure 5.6. 

It is similarly needed to determine a 2×2 impedance representation of the LISNs. This requires 

converting the full 4×4 S matrix SLISN in the corresponding 4×4 impedance matrix ZLISN, according to 

(5.2). Successively, the desired 2×2 impedance matrix is obtained considering that the LISNs signal 

ports are terminated on the oscilloscope ports impedances Zs (which is not necessarily equal to 50 Ω), 

as depicted in Figure 5.6. The port constraints at the LISN ports read:  

1 1

2 2

3 3

4 4

LISN LISN

LISN LISN

LISN LISN

LISNLISN LISN

LISN LISN

V I

V I

V I

V I

   
   
   =
   
   
      

V I

Z            (5.8) 

Substituting port constraints in (3),(4) into (8), the equivalent 2×2 impedance matrix 
2 2

LISN


Z  seen from 

port 1 and 2 of the LISNs is obtained as:  

         

2 2 2 2

11 31 13 41 14 12 32 13 42 141 1

21 31 23 41 24 22 32 23 42 242 2

LISN LISN

LISN LISN LISN LISN LISN LISNLISN LISN

LISN LISN LISN LISN LISN LISNLISN LISN

Z k Z k Z Z k Z k ZV I

Z k Z k Z Z k Z k ZV I

 

   + + + +
=    

+ + + +   

V Z
2 2
LISN






I

    (5.9) 

Where: 
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=
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 (5.10) 

and LISN

xyZ indicates (x,y) entry of matrix 
LISNZ . 

Since the three two-port circuit elements are connected in parallel, i.e.:  

LISN Rx Tx= =V V V                                      (5.11) 

Combining (5.6), (5.7), (5.9), and (5.11), the equivalent voltage sources of the Thevenin equivalent 
circuit 

1

ThV , 
2

ThV  are hence obtained as:  

( )2 2 1 2 2

Th LISN Tx Tx Rx LISN LISN

 − = + +V Z Z Z Z Z I      (5.12) 

5.4.  Experimental Investigation 

5.4.1. Test Setup  

The experimental test setup is shown in Figure 7. The PLC Tx and Rx modems communicate 

through a short AC transmission line, which is connected to the 230 V AC mains through two HV-AN 

150 LISNs, whose measurement ports are connect to the oscilloscope Keysight DSOX1204G with the 

objective of measuring the noise from the system under test. The oscilloscope input impedance ZS is set 

equal to 1 MΩ in parallel with a 16 pF capacitor [73]. This measurement will be used for both the 

extraction of the active part of the model and model validation, as LISNs offer proper ports for EMI 

measurement. The specific G3-PLC modems are Microchip ATMEL P360 with a maximum bandwidth 

of 500 kHz [74]. In this specific task, the two PLC modems communicate in the CENELEC A band 

between 35 and 91 kHz; in this frequency range, the PLC modem (transmitter) can be regarded as an 

intentional noise source. 5000 frames of data are sent from the transmitter modem to the receiver modem 

with a 100 ms lag between consecutive frames. The PHY layer specifications of the G3-PLC modem 

summarized in Table 4.1 are used again in this part. 

 

 

 

LISNs 

Scope 

PLC Tx 
PLC Rx 

Trx Line 

PC 

Figure 5.8: Experimental test bench to measure active parts of the proposed behavioral 

model. 
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The operating mode of the HV-AN 150 LISN can be switched to comply with several EMC 

standards, including the most common CISPR 16-1-2, CISPR 25, MIL-STD 461F, and DOG-160G 

standards [72]. Therefore, they can be easily exploited to realize different working conditions. To 

extract the active parts of the behavioral model, the LISNs are configured to work for DOG-160G (LISN 

A); this will be referred to as the “reference case” hereafter. Then, the following two cases are 

considered for model validation. In the former test case (case #1), the DOG-160G standard LISNs are 

modified by adding 0.047 uF capacitors at the EUT sides (LISN B1). The second test case (case #2) is 

obtained by adding the same 0.047 uF capacitors at the EUT sides of the CISPR 25 LISNs (LISN B2). 

The reference and test cases are shown in Table 5.1 and Figure 5.8. 

Table 5.1: LISN setups used to realize different working conditions. 

Case Implementation 

Reference (LISN A) DOG-160G 

#1 (LISN B1) DOG-160G + 0.047uF capacitors at the EUT sides 

#2 (LISN B2) CISPR 25 + 0.047uF capacitors at the EUT sides 

 

Figure 5.9 shows the test setup to characterize the LISN. The LISN is characterized by the four-

port VNA Keysight E5080B ENA. The measured input impedance of the LISNs looking from port 1 

and port 2 is shown in Figure 5.10. As seen in clearly, all the three LISNs show different impedance 

and it is possible to use LISN B1 and LISN B2, to verify our results both above and below 100 kHz. 
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                                    (a) 
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                                       (b) 
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                                                                                 (c) 

Figure 5.9: Circuit representation of: (a) DOG-160G LISN (LISN A), (b) LISN B1, and (c) LISN B2 

exploited in this work for model extraction (a), and verification (b), (c). Only one polarity (either P or N with 

reference to ground) is shown as an example. 
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(a) 

                                                  (b)                                                    (c) 

Figure 5.11: Impedance plot of: (a) DOG-160G LISN (LISN A); (b) LISN B1; and (c) LISN B2. 

 

Figure 5.10: Experimental test bench to characterize the LISN. 
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5.4.2. Extraction of the Behavioral Model 

Figure 11 shows the experimental test setup to characterize the PLC modems, where the PLC Tx 

modem is characterized independently, whereas the PLC Rx modem is characterized together with the 

transmission line and the load. The impedance plots of the G3-PLC modems are summarized in Figure 

12(a) and (b). 

 

 

 

 

 

 

 

 

 

             (a) 

 

 

 

 

 

 

 

 

                        (b) 

Figure 5. 12: Experimental test bench to characterize: (a) the transmitting PLC modem, (b) the receiving 

PLC modem together with transmission line. 

To extract the active part of the behavioral model, the noise measurement is carried out with the 

setup shown in Figure 5.7, in conjunction with the employment of the reference LISN (LISN A). Then, 

based on (5.12), the equivalent voltage sources 
1 2=[ ; ]Th Th

Th A V V−V can be obtained, as shown in Figure 

12(c).  

 

(a) 

 

(b) 
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(c) 

Figure 5.13: Behavioral model parameters: Impedances of (a) the PLC Tx modem and (b) the PLC Rx 

modem together with the transmission line; and (c) equivalent voltage sources. 

5.4.3. Test Results and Discussions 

To verify the accuracy of the extracted behavioral model, the two test LISNs (LISN B1 and B2) 

are employed to replace the reference LISN (LISN A) in Figure 5.7, denoted as Test case #1 and #2. As 

clearly shown in Figure 5.8, they have impedances significantly different from LISN A, and therefore 

provide different working conditions (
2 2

1, 2LISN B B



−Z ). The predicted values are computed by integrating the 

behavioral model of the PLC system, which is extracted based on the reference case, into the test cases. 

Specifically, the line currents 1, 2LISN B B−I are predicted by: 

                    ( )
1

2 2 1 2 2

1, 2 1, 2 1, 2LISN B B LISN B B Tx Tx Rx LISN B B Th A

−
 − 

− − − −= + +I Z Z Z Z Z V              (5.13) 

 

 

(a) 

 

                            (b) 

Figure 5.14: Comparison between the currents 
1

LISNI  and 
2

LISNI obtained from the prediction model and the 

measurement of test case #1 (with LISN B1). In the prediction model, the PLC Tx is represented by the 

improved behavioral model extracted based on the procedure shown in Sec. 5.3.
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(a) 

 

                                             (b) 

       Figure 5.15: Comparison between the currents
1

LISNI  and 
2

LISNI obtained from the prediction model and the 

measurement of test case #2 (with LISN B2). In the prediction model, the PLC Tx is represented by the 

improved behavioral model extracted based on the procedure shown in Sec. 5.3. 

Figure 5.13 shows the line currents obtained from the prediction and the measurement of test case 

#1. The measured and predicted currents show good consistency below 100 kHz, while some 

discrepancies are present above 100 kHz. This might be due to the fact that the characteristics of the 

reference LISN A and the verification LISN (in this case LISN B1) have the same impedance below 

100 kHz, while their impedance is different at higher frequencies. This can be noticed by comparing 

Figure 5.8(a) and 5.8(b). Therefore, to estimate the accuracy of the model below 100 kHz, the test case 

#2 is considered. The results are presented in Figure 5.14, which shows that this behavioral model 

cannot accurately predict the emissions also below 100 kHz when the working condition changes. These 

results indicate that the Thevenin equivalent circuit introduced in Section 5.3 is not a proper model for 

PLC modems since the modems are nonlinear in nature due to their embedded control systems. Indeed, 

it is easy to explain the results reported in Figure 14 considering that the PLC system is designed to 

inject a controlled signal into the grid, so that its output voltage is related to its output current through 

suitable control loops. Therefore, an accurate behavioral model of the PLC modems is still required, 

which will be discussed in the next section. 

5.5.  Improved Behavioral Model of PLC Tx  

As discussed in Section 5.4, the modelling approach proposed in Section 5.3 for the considered 

PLC systems is not effective. This can be ascribed to the closed-loop control included in the PLC 

system, which is in contrast with the linearity hypothesis required for the validity of Thevenin 

equivalent circuits. If this interpretation is correct, it is then possible to model the PLC Tx by 

substitution theorem, using only a couple of ideal voltage sources. This model should consequently be 

valid at least in the frequency range in which the internal control algorithms work properly, and in a 

reasonable range of system impedances. PLC Rx and LISN models are unchanged. Unlike the previous 

modelling approach, this approach to PLC Tx modelling is supported considering the effect of the PLC 

control system, which is designed to provide a consistent communication signal regardless of the system 

impedances.  

As a consequence, the circuit reported in Figure 5.6 should be revised as reported in Figure 5.15 
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Figure 5.16: Reference circuit for calculation of PLC Tx equivalent voltage sources. 

Since the PLC Tx is modelled as a couple of ideal voltage sources, the voltages at the LISNs power 

ports are equal to the PLC Tx equivalent voltage sources. As a consequence, the voltage sources are 

obtained directly from measures in the LISN-A setup, namely:  

2 2

Tx LISN A



−=V V   (5.14) 

The frequency responses of the voltage sources are plotted in Figure 5.16. 

 

Figure 5.17: Equivalent voltages sources of the improved behavioral model of PLC Tx.  
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(a) 

 

                            (b) 

Figure 5.18: Comparison between the predicted and measured currents 
1

LISNI  and 
2

LISNI  in test case #1 

(with LISN B1). In the prediction model, the PLC Tx is represented by the improved behavioral model extracted 

based on the procedure shown in Sec. 5.5. 

 

(a) 

 

(b) 

Figure 5.19: Comparison between the predicted and measured currents 
1

LISNI  and 
2

LISNI  in test case #2 

(with LISN B2). In the prediction model, the PLC Tx is represented by the improved behavioral model extracted 

based on the procedure shown in Sec. 5.5. 

5.6.  Final Experimental Validation  

The model verification is again based on current predictions. In particular, the model is considered 

verified if the predicted currents obtained from: 

2 2 1

LISN B LISN B Tx

 −

− −=I Z V   (5.15) 

match the corresponding measures in the LISN-B setup. Concerning test case #1, the predicted currents 

based on the improved model based on substitution theorem are compared with the measurement results 

in Figure 5.17. This improved behavioral model can predict the line currents very well up to 500 kHz, 

which is the maximum frequency band width of the NB G3-PLC. Of course, as explained in Section 

5.4.2, since the measured currents with LISN A and LISN B1 are the same below 100 kHz, another 

verification test (test case #2) with LISN B2 is carried out. The results are shown in Figure 5.18. The
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measured and predicted line currents also show a very good agreement up to 500 kHz including the 

range below 100 kHz. This is a big improvement compared to the predictions from traditional 

behavioral model (see: Figure 5.15). Therefore, approximating the G3-PLC Tx as two voltage sources 

is by far the better option. These results are consistent with the idea behind the use of the pure voltage 

source to model the PLC Tx system. Indeed, the G3-PLC modems provides a spectrum with constant 

amplitude in the frequency range between 35-91 kHz according to the standard ITU-T G.9901. 

Additionally, the control system inside them and the robust modulation schemes (OFDM) in this PLC 

protocol allows to provide a constant spectrum up to 500 kHz. At higher frequency, the effect of the 

PLC control system will progressively fade, resulting in an uncontrolled LTI system. This is in line with 

behavioral modelling of power converters [78], which has been successfully applied in a frequency 

range significantly higher (one decade at least) than the one in which the converter control system is 

designed to operate.  

5.7.  Conclusion 

In this chapter, an experimental test campaign aimed at providing suitable black-box model for the 

G3-PLC system is presented. With the final goal of using the black-box model of the G3-PLC modems 

in the EMI analysis of complex networks, a set of black-box modelling approaches was compared and 

a suitable model was proposed. The modeling aimed to have a separate model of both transmitting PLC 

and receiving PLC modems so that the model can be easily integrated in any complex networks. 

Therefore, firstly the black-box modeling approach based on Norton Thevenin equivalent circuit, has 

been investigated by considering the G3-PLC modem as an intentional noise source. This modelling 

approach requires the system under analysis to be linear and time invariant, which is not true for G3-

PLC system due to their internal control systems. Experimental results proved that representing the G3-

PLC modem as a Norton Thevenin equivalent result in inaccurate prediction of EMI noise. 

An alternative modelling approach of the G3-PLC system based on the substitution theorem was 

then proposed, where the PLC Tx was approximated by a couple of independent voltage sources. This 

modeling approach accurately represented the PLC modems in the frequency band of the G3-PLC. This 

model is also in line with the ITU-T G.9901 standard, that specifies the amplitude of the spectrum in 

which the G3-PLC modem uses constant amplitude at the frequency band of interest (below 500 kHz) 

in the worst operating conditions. In future works, the model of the PLC modems will be used to assess 

the cross interference between communication systems and different noise sources in complex power 

system networks such as SG. 
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CHAPTER 6  

Conclusions and Main Contributions 

6.1.  Conclusions 

In this thesis, electromagnetic coexistence between power and data lines in PLC system has been 

investigated. In particular, the electromagnetic interference between power electronics converters and 

narrow band PLC systems have been studied comprehensively. Since accurate modelling of 

electromagnetic noise sources is required to predict the EMI between power and data lines, the first part 

of the thesis work focused on modelling of power electronics converters. In this regard, both white-box 

and black-box modelling techniques were investigated in detail considering their application in 

predicting EMI emissions in complex networks, such as LV distribution networks, and their respective 

application limitations. Indeed, the white-box modelling approach been implemented to study CE 

propagation from the LV network to the main grid with the help of PSpice MATLAB co-simulation 

where different noise sources are modelled in PSpice considering parasitic elements and MATLAB 

SIMULINK was used to implement control schemes for synchronization. The work started from detail 

modelling of the LV network components such as transmission lines, inverter, load, transformer and 

shunt capacitor. The effects of the PFC capacitors, circuit breakers, transmission lines and power factor 

of the loads on CE propagation have been investigated thoroughly. On the other hand, the black-box 

modelling approach been applied to a three-phase inverter connected with a PV panel, and the 

procedures and the possible limitations of this modelling approach have been investigated. 

Next to this, the thesis focused on finding alternative solutions to reduce the CE of power 

converters by using RPWM schemes. The thesis summarized the details of the implementation of 

different RPWM techniques both in simulation software and practical experiments as well as the 

comparison of those RPWM techniques in terms of CE reduction. Besides, the main parameters which 

affect the effectiveness of the specific RPWM techniques have been investigated. It was proven that the 

spreading factor plays significant role on the reduction of the CE of randomly modulated power 

converters.  

Further, the thesis investigated possible coexistence issues between randomly modulated power 

converters and coexisting PLC systems using both simulation tools and laboratory experiments. In this 

regard, the simulation activity was carried out to study the effects of using RPWM to control the 

switching activity of power electronics converters in power systems involving PLC for advanced meter 

reading.  Additionally, the effects of connecting the PLC modems to the power line in different 

configurations been investigated. The simulation results have been supported by laboratory experiments 

aimed at examining the interference between RPWM modulated SiC based DC-DC converter and G3-

PLC systems, where the performance of the G3-PLC has been investigated with controlling different 

parameters of RPWM scheme driving power converter (switching frequency, spreading factor and 

RNUR. Indeed, different RPWM schemes have been compared to draw general conclusions on the 

effectiveness of RPWM in assuring coexistence. 
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Eventually, the thesis discussed the activity carried out to find suitable black-box model for the 

G3-PLC system. With the final goal of using the black-box model of the G3-PLC modems in the EMI 

analysis of complex networks, a suitable black-box model for the G3-PLC modem was proposed. The 

modeling aimed to have a separate model of both transmitting PLC and receiving PLC modems. Of 

course, the proposed model can be used in future activities in EMI and coexistence issue assessment of 

smart grids.  

In the following, the research activity results discussed within this thesis are summarized.  

• The Modelling of EMI noises sources with the help of different software such as PSpice 

SIMULINK cosimulation has been discussed. This cosimulation feature provides the 

simulation environment where different circuits can be modelled in PSpice considering 

parasitics and different controlling schemes can be implemented by using SIMULINK. This 

enables to make a nearly practical EM modelling and simulations.  

• Black-Box modelling approach is very beneficial in EM simulation specially in providing a 

simplified model of electric devices. However, this modelling approach is applicable only for 

linear time invariant systems and for frequency-domain simulation.  

• In EMI analysis of power system networks such LV systems, it is tremendously important to 

consider the effects of parasitic elements of different power system components such as power 

converters, transformers, PFC capacitors, circuit breakers, busbars and transmission lines. 

Besides, it is extremely important to take account the connection of PFC capacitors while 

making EMI simulations. Indeed, the parasitic elements and the connection of PFC capacitors 

have been found significantly affecting the propagation of CE from the LV network to the 

main grid. 

• Among the EMI mitigation techniques, the use of RPWM in reducing the CEs of power 

converters is important specially in application where size and weight are a great concern. 

RPWM techniques allow to mitigate CE from the source and relatively cheaper and easier 

option compared to other mitigation techniques, for instance EMI filter. In fact, most of the 

DC-DC converters use these techniques to pass the EMC compliance tests. Of course, there 

are application limitation associated with coexisting communication systems such as PLC 

system where the benefit of using RPWM is questionable. 

• RPWM based converters can be considered as a potential trait to current smart grids. In fact, 

RPWM based converters can be more detrimental to the communication system in smart grids 

such as PLC systems compared to conventional PWM based power converters. Of course, this 

can be avoided by choosing different/non over-lapping frequency bands for the converters and 

or the PLC systems. Besides, there are also RPWM techniques which are relatively more 

compatible with PLC systems such as RPPM. However, further investigation as well as 

standards are required in this regard since most of the switching frequencies of power 

converters fall in the frequency bands of NB PLC systems which are mostly deployed in smart 

grid applications. 

• Eventually, EMI models of PLC systems are important to predict and study CE propagation 

in smart grid applications. Since modelling the PLC system using detail network elements is 

very challenging and almost impossible, an approximate model using black-box modelling 

approach has been investigated. The proposed model can be integrated in any smart grid 

network and can be used to study the CE propagation throughout the network as well as to 

study the interference between noise sources and PLC systems. As future extension of the 

activity, the interference between the power converters and PLC systems in smart grids will 

be investigated by using the black-box modeling approach.
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6.2. Main Contributions 

This thesis is prepared by Early-Stage Researcher (ESR 5) from the European Training Network 

of PhD researchers on Innovative EMI analysis and Power Applications (ETOPIA) project. The 

ETOPIA project has received funding from the European Union’s Horizon 2020 research and 

innovation program under the Marie Skłodowska-Curie grant agreement No. 812753. With the main 

objective to train new EMC researchers with a closer interaction of electrical power and power 

electronics with information technology and communications equipment, six universities (University 

of Twente, University of Craiova, Politecnico di Milano, Leibniz University, University of Zielona 

Gora and University of Nottingham) and more than 20 partner organizations have been participated in 

ETOPIA project.  

There were 8 Work Packages (WP) in the ETOPIA project, which helps for the successful and 

efficient project execution according to work plan, and maintenance of relations between partners and 

ESRs. Indeed, the author of this thesis (here in after ESR 5) has been working on the project titled 

“Advanced communication and modulation techniques to assure coexistence of power and data” under 

WP7, EM coexistence, with the following project objectives.  

• To provide a methodology for ensuring the coexistence of communications within converter 

dense ac and dc power systems. 

• Experimental characterization and modelling of the EMI environment in applications 

characterized by the presence of power converters, such as smart sub-stations, islanded micro-

grids, ships, electric and hybrid vehicles.  

• Coexistence of ac and dc lines. Characterization by simulation and measurement of the 

interference induced on data lines. 

• Identification of hardware and software (communication techniques) solution to assure 

coexistence with control lines and communication systems. Investigation on the feasibility to 

apply the powerline communications technology in these contexts.  

• Identification and/or development of suitable modulation schemes, based on random and/or 

spread spectrum techniques, to mitigate conducted, and therefore radiated, emissions generated 

by power converters. 

Therefore, ESR 5 has been performing different activities to achieve the goals/objectives set by 

the ETIOPIA project. This included the main research activities such as courses, simulations, and 

experiments, as well as collaboration with Universities and Industrial partners through secondments. 

The secondments as well as research collaboration works are summarized in Table 6.1. 

Table 6.1:  Summary of academic and industrial secondments covered by ESR 05. 

Seconded 

to 

Start date  End date Duratio

n 

months  

Goals of secondment 

RSE 01/04/202

0 

31/12/202

1 

4 
▪ Black-Box modelling of power converters. 

▪ Modelling and CE prediction of an LV network.  

University 

of Zielona 

Góra 

01/05/202

0 

17/12/202

1 

0.17 
▪ Studied the interference between Randomly Modulated 

converters and PLC system both in simulation and 

experimental activities 
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University 

of Craiova 

13/05/202

1 

27/11/202

2 

1 
▪ Comparison of conventional (FFT based OFDM) Vs 

Wavelet based OFDM for PLC application in Smart Grid 

and, 

▪ Collaborated on the co-existence issue of power and data 

lines in PLC system 

ABB 01/07/202

2 

31/07/202

2 

0.5 
▪ Performed Near Field immunity test in close proximity in 

the ABB lab. 

▪ Collaborated on the design and simulation of Horn antenna 

for Near RF field immunity test 

 

6.2.1.  Research Contributions 

In the following, the main research contributions are summarized. 

• White-box and black-box EMI models of power electronics converters together with their 

limitations as well as their application in predicting EMI in different power system networks 

has been provided.  

• This thesis provided the detail analysis of an alternative EMI mitigation technique called 

Random Pulse Width Modulation. In this regard, both simulation models (including the 

procedures) as well as experimental findings has been provided. 

• This thesis outlined the main challenges of smart grids associated with the coexisting power 

converters resorted to different modulation techniques and the PLC systems. Indeed, both 

simulation models and experimental findings has been provided. The results from this thesis 

can be used as a starting point to prepare standards for the future with regards to randomly 

modulated power converters used in smart grids. 

• Finally, novel EMI model of G3-PLC system has been provided. This model can be integrated 

to any power system networks and can help to predict EMI and study the coexistence issues. 
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APPENDIX A1 

 

Table A1.1: The Load profile of the LV network. 

 
P [kW] cos_fi A [kVA] Q 

[kvar] 

In [A] 

U1 50 0,80 62,50 37,50 90,21 

U2 65 0,85 76,47 40,28 110,38 

U3A 30 0,90 33,33 14,53 48,11 

U3B 20 0,80 25,00 15,00 36,08 

 

Table A1.2: The details of the PFC capacitors of the LV network. 

 cos_fi  S_id [kvar] Q_id [kvar] Delta Q [kvar] C_th [μF]   C [μF]  

 

C1 0,9 55,6 24,2 -13,28 3x88,09 3x99 

C2 0,9 72,2 31,8 -8,80 3x58,37 3x66 

C3A 0,9 33,3 14,3 0,00 0  

C3B 0,9 22,2 9,69 -5,31 3x35,23 3x33 

 

Table A1.3: The transmission lines and the busbar profile of the LV network. 

 Length 

[m] 

Topology Area 

mm2 

Iz' 

[A] 

r 

[mΩ/m] 

x 

[mΩ/m] 

Neutral 

conductor 

area mm2 

L1 80 3x Single Core Cables with Sheath 

Cu 

50 150 0,473 0,101 25 

L2 70 3x Single Core Cables with Sheath 

Cu 

70 184 0,328 0,098 35 

L3A 20 3x Single Core Cables with Sheath 

Cu 

25 100 0,889 0,106 16 

L3B 30 3x Single Core Cables with Sheath 

Cu 

25 100 0,889 0,106 16 

L3 80 Three-core cables with neutral 

conductor 

Cu 

50 141 0,483 0,078  

L0 3 Single Core Cables with Sheath 

Cu 

3x70 

per 

phase 

3x184 0,328 0,098 3x35 

S0 3 KSA400ED4306 

Canalis - Straight element - 400 A 

(From Schneider catalog) 

 400 0,2100  0,1400  

 

Table A1.4: Transformer profile. 

 An [kVA] Indice 

Orario 

Vp [kV] Vs [V] i_0 [%] v_cc [%] p_cu 

[%] 

p_0 [%] 

T0 250 Dyn11 20 400 1 4 1.04 0.21 
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Table A1.5: The description of the main grid (MV grid). 

 Pcc [MVA] R (LV side) X (LV side) 

MV network 500 0,000048 

 

0,0003136 

 

 

Table A1.6: Description of the circuit breakers used in the LV network. 

 
Icc_3F 

[kA] 

                    Chosen switch 

                (Schneider catalog) 

Nominale Current [A] 

I0 8,879 Compact switch NSX400F - 400 A - 4 poli -S/ release 400 

I1 4,439 Magnetic Switch NG125a 4P C 125A 16kA 125 

I2 5,627 Magnetic Switch NG125a 4P C 125A 16kA 125 

I3A 3,436 Magnetic Switch NG125a 4P C 80A 16kA 80 

I3B 3,060 Magnetic Switch NG125a 4P C 80A 16kA 80 

I3 4,490 Magnetic Switch NG125a 4P C 125A 16kA 125 

 

Table A1.7: Parameters of the inverter model in Figure 2.4(b). 

Parameter Value Description 

Lw 10nH External wire inductance 

CEL 1500μF Nominal capacitance 

LEL 30nH Internal series inductance 

REL 40 mΩ Internal series resistance 

Rd 1kΩ               Discharging resistance 

Rwa 3.9 mΩ Stray resistance 

Lwa 0.36μH Stray inductance 

Cs 0.33μF Nominal capacitor 

Ls 30nH Internal series inductance 

Rs 30mΩ Internal series resistance 

LC 40nH Collector stray inductance 

LE 40nH Emitter stray inductance 

Chs 280pF Stray capacitor between IGBT and heatsink 
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APPENDIX A2 
 

A2.1. Generation of RPWM signals for the simulation activities 

 

Figure A2.1: SIMULINK implementation of RFM for simulation activity carried out in Chapter 3, 

(Section 3.2). 

 

Figure A2.2: SIMULINK implementation of RPPM for simulation activity carried out in Chapter 3, 

(Section 3.2). 



Appendix A2 

94  

 

 

Figure A2.3: SIMULINK implementation of RFM for three-phase inverter.  

 

A2.2. Generation of RPWM signals for Lab activities 

RPWM can be generated using C2000 TI microcontroller and MATLAB SIMUINK. For 

conventional PWM, the ePWM module in SIMULINK can be programmed as follows and the details 

can be inferred from [75, 76].  

 
TBPRD = TPWM

2TBCLK⁄                                       (A2.1) 

 

 
 
 
 
 
 
 
 

Figure A2.4: The RPWM signal. 

 
                                and CMPA = (1 − D) × TBPRD                                                      (A2.2)                                

where: TBCLK is the Time Base Clock; TBPRD is Time-Base Period; TPWM - Period of the 

PWM; CMPA and CMPB are the reference compare A and B values. 

For RFM, the procedure followed for PWM generation can be applied with a small modification 

to the TBPRD. In this case the TBPRD is randomly changing to get variable switching frequency. 

Hence, the procedures discussed in Section 3.2.2.1 can be applied and implemented as shown in Figure 

A2.2. 
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Figure A2.5: Schematics to generate RFM signal using SIMULINK and TMS320F28379D micro 

controller. 

 

However, the implementation of RPPM is a bit more complex. In this case, controlling the CMPA 

and CMPB reference values according to (A2.3) and (A2.4) is required. 

 

CMPB’ =  CMPB + ΔCMPB × RAND                                         (A2.3) 
      and  

                                           CMPA =  2 × TBPRD − CMPB’ − (D × 2 × TBPRD)            (A2.4)                 

where RAND is pseudo-random number between 1 and -1, CMPB’ is the random CMPB value, D 

is the duty cycle and ΔCMPB is the change in CMPB reference. The randomization factor α or spreading 

factor can be expressed as:  

 

                                                   α = ΔCMPB
TBPRD⁄                                                              (A2.5)                               

Note that UP/Down counter should be selected with CMPB UP is ‘Set’ and CMPA DOWN is 

‘Clear’ for this specific RPPM set up. The random PWM starts when the counter counts up and reaches 

to CMPB reference and stops when the counter counts down and reaches to CMPA value. The 

SIMULINK model implemented for the RPPM considered in this thesis is shown in Figure A2.6.  

The Uniform Random Number block generates uniformly distributed random numbers over an 

interval between 1 & -1. The time interval between samples is the sampling time (Ts).  

Figure A2.6:  Schematics to generate RPPM signal using SIMULINK and TMS320F28379D micro 

controller. 

Random Number Repetition (RNR) is the number of periods of the RPWM within the same random 

number. RNP can be expressed as: 

  

                                              RNR = 
Ts

TRPWM 
                                                                            (A2.6) 
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where, Ts is the sampling time of the random number generator SIMULINK block (see Figure 

A2.6) and TRPWM is the period of the RPWM signal. For example, in Figure A2, the pulse position 

changes after two consecutive periods of the RPWM signal (RNR = 2). In general, the higher RNR, the 

lower pulse position variation.   

 

The Random Number Update Rate (RNUR) is the rate of the switching period over one sampling 

time, Ts and can be expressed as: 

 

                                     RNUR =
TRPWM

Ts
                                                                    (A2.7) 

To get pulse position variation of the RPWM signal, the sampling time, Ts should be greater than 

or equal to the period of the RPWM. Therefore, the value of RNUR is ≤1. In general, the higher the 

RNUR, the more pulse position variation repetition of the RPWM signal. RNUR can also be expressed 

in percentage as: 

 

RNUR =
TRPWM

Ts
 × 100                                                        (A2.8
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