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3 Abbreviations 

 

Abbreviation Translation 

ADC Analog to Digital Converter 

AV Average Detector 

CCM Continuous Conduction Mode 

CISPR International Special Committee on Radio Interference 

DCM Digital Clock Manager 

DSP Digital Signal Processor 

EMC Electromagnetic Compatibility 

EMI Electromagnetic Interference 

FPGA Field Programmable Gate Array 

GaN Gallium Nitride 

HSL High-Level Graphical Synthesis 

HSF Harmonic Spread Factor 

IFBW Intermediate Frequency Band Width 

LEDs Light Emitting Diodes 

LFSR Linear Feedback Shift Register  

LUT Lookup Table 

PRBS Pseudorandom Binary Sequence 

PWM Pulse Width Modulation 

QP Quasi-Peak Detector 

RCFMFD Random Carrier Frequency Modulation Fixed Duty 

RDFMVD Random Carrier Frequency Modulation Variable Duty 

RM Random Modulation 

RPPM Random Pulse Position Modulation 

RPWM Random Pulse Width Modulation 

SiC Silicon Carbide 

SSE Sum of Squared Estimate of Errors  

VHSIC Very High-Speed Integrated Circuit 
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4 Introduction 

Field Programmable Gate Array (FPGA) hardware implementations have become more and 

more used as the switch-mode converters operation is performed faster and more efficiently. 

Also, the process of switch-mode converters results in electromagnetic noise propagating 

throughout the spectrum, and noise shaping strategies could be applied to provide the frequency 

spectrum modulation and aid in meeting Electromagnetic Compatibility (EMC) requirements. 

In this context, this report aims to provide an investigation about measurements of conducted 

Electromagnetic Interference (EMI) in power electronic converters. 

The report is based on the concept of providing an FPGA based digital controller for a buck 

converter topology, and this is described in detail in sections 5 and 6. In section 5, the concept 

of co-simulation between LabVIEW and Multisim are presented and discussed thought the 

Buck-converter simulation, and test for the specific operating condition. The co-simulation 

knowledge was fundamental to the conclusion of this report. The co-simulation approach is 

beneficial since it`s a good engineering practice know the simulation behavior from a power 

electronic converter before proceeding with the hardware implementation. 

Section 6 provided an investigation about LabVIEW FPGA implementation. In this section, 

random and deterministic switch control algorithms oriented for an FPGA digital controller are 

proposed and discussed in terms of harmonics reduction and FPGA hardware resources. Also, 

the algorithms have been preliminarily verified based on Xilinx FPGA (Kintex-7 70T) powered 

by embedded control PXIe 8135 and R-Series Multifunction RIO from National Instruments 

(PXI-7854R). 

In addition, in section 7 the measurements of conducted EMI for the proposed spectrum 

shaping strategies are presented. The digital implementations proposed in section 6 are tested 

in a Buck-converter topology. In this section statistical analysis through the Harmonic Spread 

Factor (HSF) and the sum of squared estimate of errors (SSE) is provided. This is to quantify 

the benefits of harmonics reduction through the spectrum shaping strategies, considering the 

EMC technical and regulatory viewpoint. 

The calculation of the HSF, for the Quasi-peak (QP) and Average (AV) detectors considered 

in all measurements carried out, provides the HSF in absolute value, which represents the 

harmonic reduction for a specific detector in one particular frequency band (CISPR-A or 

CISPR-B). The second analysis provides the calculation of SEE. SSE is the sum of squared 

deviations of actual values from predicted values. This metric can take on any value between 

0 and 1, with a value closer to 1, indicating that a greater proportion of variance is accounted 

for by the model. From the harmonic reduction viewpoint, the SSE serves to aggregate the 

magnitudes of the difference for the various samples of frequency band analyzed. SSE is a 

measure of accuracy, to compare and provide the correlation of the noise attenuation level of 

all FPGA implementations with different fundamental switching frequency (𝑓𝑠𝑤)  and for 

intermediate frequency bandwidth (IFBW) with 200Hz and 9kHz. 

Finally, section 8 present conclusion, where it becomes evident that the choice of better 

spectrum shaping strategy influence in the measurement of conducted EMI in power electronic 

converters. Based on FPGA implementation presented on this report, considering the random 

switch pattern with PRBS and LUT, a 0.5% increase in hardware resource utilization provides 

24.5% of the primary harmonic reduction. Section 9 presents future research and highlights the 

core concept for the next measurement and theoretical analysis with the Multiple Wide Sense 

Stationary Random Process.  
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5 LabVIEW and NI Multisim Co-Simulation 

LabVIEW is used for the design of systems that may include electrical components. However, 

it typically uses ideal models that may not adequately describe electrical component behavior. 

Multisim includes detailed simulation models that can be used to simulate electrical 

components directly in LabVIEW. 

In LabVIEW, the Multisim Design VI encapsulates the Multisim design file that wanted to be 

simulated. When you place a Multisim Design VI in a Control & Simulation Loop, Multisim 

and LabVIEW co-simulate in a highly integrated manner. 

Required Software is the NI LabVIEW Multisim Co-simulation, which is a Plug-in providing 

during the Multisim installation process. For LabVIEW Multisim co-simulation to function, 

LabVIEW 2015 or 2016 (32-bit) is required. Also needed is the NI LabVIEW Control Design 

and Simulation Module, which is installed as a separate add-on to LabVIEW. 

The LabVIEW FPGA Module is also needed to run some of the included FPGA samples. It is 

installed as a separate LabVIEW add-on, as well. Fig. 1 illustrated the concept of LabVIEW 

and NI-Multisim Co-Simulation. 

 

Figure 1 - LabVIEW Multisim Co-Simulation Concept 

Co-simulation applications are typically developed in the following manner. First, the power 

stage circuitry (the plant of the control system) is designed in Multisim– a SPICE-based circuit 

design tool. Then the LabVIEW code to control the circuit is developed, placed inside of a 

LabVIEW Control Design and Simulation loop, and connected to the Multisim circuit for co-

simulation using a Multisim Design interface block.  

Co-simulation is executed as a significant signal, time-domain transient simulation in which 

Multisim simulates the circuitry, and LabVIEW executes the control system algorithms. The 

two simulators typically exchange data in a coordinated, variable time step manner, in which 

both solvers obtain convergence around an accurate simulation result, even in the case where 

coupled dynamics exist between the Multisim and LabVIEW parts of the system. Thus, it is 

also possible to include additional plant model dynamics, such as mechanical or thermal 

models, in the LabVIEW Control Design and Simulation loop and obtain accurate simulation 

results for the overall system. In LabVIEW, these simulation subsystems are typically 

expressed in state-space, transfer function or differential equation format. 

According to that initially presented in the previous deliverable, D5.1 Modeling and Simulation 

of Power Electronics [1], this report will also focus on the buck converter's operations to 

develop the co-simulation between LabVIEW and Multisim. 
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5.1 Buck Converter, based on Closed-Loop PID Control 

The co-simulation concepts considers the adding of LabVIEW FPGA subVIs to the LabVIEW 

control design & simulation loop. The discrete-time settings on the LabVIEW subVIs enable 

simulations to replicate the precise timing behavior of execution in a field-programmable gate 

array (FPGA) or a real-time processor. Also, using memory blocks in LabVIEW, it`s possible 

to create feedback paths for closed-loop control.  

Configuration in the discrete-time, request particularly settings to simulate analog to digital 

converter (ADC) sampling behavior to meet the operational requirements of the power 

electronics applications. In this context, using the fundamentals of buck converter circuits [1], 

a step-down DC to DC converter switched-mode power supply, the following points should be 

considered with the co-simulation approaches: 

• Source voltage energy is stored in the inductor and then discharged into the load. 

• The relationship between the gate command and the inductor current. 

• Calculate and chart the energy stored in the inductor in LabVIEW. 

• How the output voltage ripple is affected by the output capacitor. 

• Control the capacitance from LabVIEW, (e.g., try replacing the load resistor with a 

voltage-controlled variable capacitor). 

• Measure the AC coupled RMS value of the output voltage ripple using a LabVIEW 

analysis VI. 

As well as the above points, the continuous versus discontinuous conduction modes of 

operation to control the load resistance from LabVIEW is replaced and considered here as a 

voltage-controlled variable resistor. Mainly to represent and determine the conditions in which 

the circuit transitions from continuous to discontinuous conduction modes. In section 5.1, we 

consider to work with the following required toolkits and modules: 

• NI LabVIEW 2019 (ni.com/labview). 

• NI LabVIEW FPGA Module 2019 (ni.com/fpga). 

• NI LabVIEW Control Design & Simulation Module 2019 (help files). 

• NI Circuit Design Suite 14.2 (ni.com/multisim). 

Multisim software integrates industry-standard SPICE simulation with an interactive schematic 

environment to instantly visualize and analyze electronic circuit behavior. Fig. 2, shows the 

proposed buck-converter SPICE simulation, which had a Mosfet transistor (Q1 

NTB45N06LT4G Power_Mos_N), voltage input of 28V, gate resistance of 50Ω, Inductance 

of 50µH, Capacitance of 500µF, load resistance of 3Ω, and the Diode transistor (D1 1N4003G). 

The switch control strategies based on Pulse Width Modulation was considered to provide the 

control signal to the Mosfet transistor gave drive. The control signal is provided thought the 

co-simulation, by the LabVIEW environment.  

Fig 3 shows the Labview simulation for the power electronic circuit, responsible for providing 

the control signal. The basis of co-simulation is to consider the environment control & 

simulation loop, where the Multisim project can be imported and their parameters connected 

with the respective command/control. Also, the strategies of feedback could be applied. In 

those cases, all the calculations are made by the LabVIEW target based on the output voltage 

provided by the Buck converter power circuit (Multisim simulation).  
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Figure 2 – Proposed simulation of the Buck-converter power circuit by Multisim. 

 
Figure 3 – Proposed simulation of the Buck-converter power electronic circuit by LabVIEW. 

Some tests were selected to verify the co-simulation performance. First, according to 

represented in Fig. 4, the closed-loop control response was investigated, when changing the 

voltage setpoint from 10 to 20 to 5 V.  

 
Figure 4 – Closed-loop control response for changing the voltage set point. 
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Fig. 4 shows the same transient time for more abrupt changes, i.e., from 0V to 10V and from 

20V to 5 V, which was expected since the voltage variation is higher. Also, it is possible to 

note that during the transient time, no actions variations occur from the inductor current, 

important premise for the Buck-converter operation. The second teste carried out is presented 

in Fig. 5. 

 
Figure 5 – Initial transient response. 

Fig. 5 show the initial transient response, considering the voltage set point of 10 V. The output 

voltage reaches the steady-state after 2.5ms of simulation time, which is acceptable for Buck-

converter operation. Also, the PWM command increase according to the presence of the gate 

signal, indicating the successful performance of co-simulation since the LabVIEW 

environment provides the PWM command to the gate drive (measure provided by Multisim). 

The third test carried out is presented in Fig. 6. 

 
Figure 6 – Setpoint change response. 

Fig. 6 show the setpoint change response, also considering the voltage setpoint. However, it 

changed from 10 V to 20 V. For the first time, it is clearer to see the primary frequency of 
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oscillations of the output voltage waveform. In this context, Fig. 7 provided the steady-state 

response for voltage set point of 5 V, 50 microseconds, and the PWM frequency is 10 kHz. 

 
Figure 7 – Steady-state response. 

Fig. 7 provided the steady-state response, also shows the relationship between Gate Signal (V) 

and the Inductor Current (A) and Buck-converter operating in continuous conduction mode 

(CCM). In this co-simulation, to change the settings for the PWM generation component, it 

can be achieved by a double click in Multisim, and the box dialog illustrated by Fig. 8 is open. 

In those cases, we generated a 10 kHz PWM signal with 35 V amplitude and one nsec rise/fall 

time. 

 
Figure 8 – PWM generation component configuration. 
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Also, to change the LabVIEW FPGA execution time settings is achieved by one right-click on 

the SubVI in LabVIEW and navigate to SubVI Node Setup, according to that shown in Fig. 9. 

If the discrete timing period (sec) is set to -1, the SubVI will execute at the discrete step size 

(s) rate set in the simulation parameters or terminal. Alternately, the discrete timing period 

(sec) can be set to a specific value, such as 25e-9 sec to simulate code executed within a single 

cycle timed loop (𝑆𝐶𝑇𝐿) in LabVIEW FPGA with the FPGA base clock set to 40 MHz. 

 
Figure 9 – LabVIEW FPGA execution time settings. 

However, according to that discussed in [1], the core proposal is provided the LabVIEW FPGA 

implementation with different switch control strategies. In this context, the above knowledge 

was fundamental. The co-simulation approach is beneficial since it`s a good engineering 

practice to know the simulation behavior from the converter, before proceeding with hardware 

implementation.  

In the next section 6, it will be presented theory analysis of switch control strategies considering 

the LabVIEW FPGA environment, FPGA hardware implementation, and all the additional 

information concerned with the FPGA control board design process. Furthermore, the appendix 

I provide the figures from Fig. 3 to Fig. 07 in high resolution and size. 

6 FPGA Based Controller 

In this section, all the details, step by step of the FPGA control design are presented. Also, the 

preliminary results of the measurements are carried out and used in the evaluation process to 

choose a better random and deterministic pattern. Information about testbench devices and 
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equipment are provided. More details are included in section 7 and the measurement of 

conducted EMI. 

The FPGA is very flexible and covers more applications than the analog control circuits for 

switch-mode converters. Moreover, with the advent of smart city environments and the 

growing switch-mode converters application, the FPGA control board reduces in cost and 

provides the possibility to design new techniques [2]. FPGA can ensure the process of multiple 

instructions at the same time, through the concept of process instructions in parallel form. This 

is different from microprocessors that can normally only provide one instruction at a time; that 

is, only execute instruction sequentially.  

The concept of FPGA hardware implementation through reconfigurable logic building blocks 

plays a vital role in meeting the challenges in switching controller design for switch-mode 

converters: the ability to provide high and lower speed signals frequencies with voltage logic 

levels configured. Those assumptions might be critical points in the coming years since the 

semiconductors, as Gallium Nitride (GaN) and Silicon Carbide (SiC), are increasingly 

demanded [3], [4]. 

Switch-mode converters operation must consider their electromagnetic environment to meet 

the electromagnetic compatibility (EMC) requirements and avoid introducing the intolerable 

electromagnetic disturbances to other equipment in that environment. However, they are 

known to be a root cause of electromagnetic interference (EMI) problems; moreover central 

assumption, of the ideal switch does not exist [5]. 

During switch 𝑇𝑢𝑟𝑛𝑜𝑛 and 𝑇𝑢𝑟𝑛𝑜𝑓𝑓 there are significant EMI issues associated with the 𝑑𝑣/𝑑𝑡 

and 𝑑𝑖/𝑑𝑡 with dependencies such as characteristics of transistors, control signals, gate drives, 

stray parameters, and operation behavior of switch-mode converter. Especially in the context 

of applications’ perspective of the power electronics industry, where there is a unique 

landscape for industrial [6], [7], renewables [8], [9], and automotive [10], [11] applications. In 

all those cases, the switch-mode converters applications are significant. Also, we have a word 

wild switch-mode converters application to bulbs and Light-Emitting-Diodes (LEDs) drive 

module [12]. Fig. 10 shows the concept of switch 𝑇𝑢𝑟𝑛𝑜𝑛 and 𝑇𝑢𝑟𝑛𝑜𝑓𝑓, responsible for 

generating the control signal 𝐸 and −𝐸, and inductor current 𝑖𝐿(𝑡) behavior under steady-state.  

 

Figura. 10 Control signal 𝐸 and −𝐸 and the Inductor Current 𝑖𝐿(𝑡) behavior. 
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Fig. 10 shows the first interval 𝑇0 < 𝑡 < 𝑇𝑆𝑊/2 where the voltage level is equal to 𝑢𝐿(𝑡) = 𝐸, 

therefore  𝑖𝐿(𝑡) =  
𝐸

𝐿
𝑡, where the 𝑖𝐿(𝑡) must be a linear behavior with 

𝐸

𝐿
 inclination and with 

one constant value of 𝑢𝐿(𝑡). In the second interval 𝑇𝑆𝑊/2 < 𝑡 < 𝑇𝑆𝑊 the voltage level is equal 

to 𝑢𝐿(𝑡) = −𝐸, therefore  𝑖𝐿(𝑡) =  
−𝐸

𝐿
(𝑡 −

𝑇𝑆𝑊

2
) + 𝑖𝐿 (

𝑇𝑆𝑊

2
), where the 𝑖𝐿(𝑡) decreasing with 

the −
𝐸

𝐿
 from the moment 𝑖𝐿(𝑡) =  𝑖𝐿 (

𝑇𝑆𝑊

2
). 

From a digital signal processor (DSP) viewpoint, Fig. 10, might represent a core concept for a 

wide range of applications for switch-mode converters. If we adopt the concept of the canonical 

switch, we can consider buck-converter, boost-converter, and buck-boost converter. Also, we 

can apply this concept in the half-bridge converter and switch-mode power supply, of course, 

considering the constructive and operational characteristics of each converter. Interesting 

approaches that used DSP and FPGA is presented in [13]-[15]. Some methods, as [13] and 

[14], offer a digital pulse-width modulator (DPWM), which takes advantage of digital clock 

manager (DCM) phase-shift characteristics available in FPGA. Moreover, in [15], important 

aspects of the FPGA clock speed to decreasing the conducted noise spectrum generated by the 

switch-mode converter are discussed. In addition to these contributions, it is important to 

provide a correlation of the noise spectrum attenuation level for possible FPGA 

implementations with differents switching frequencies (𝑓𝑠𝑤), which can quantify the benefits 

of harmonics lowering through the spectrum shaping strategies, manly considering the EMC 

technical and regulatory viewpoint.  

Since switch-mode converters contain a wide range of harmonics,  this harmonic distribution 

can be reduced or spread over the whole frequency spectrum, by considering switch control 

strategies for the 𝑖𝐿(𝑡) under steady-state. This section presents and demonstrates how to design 

an FPGA digital controller with conducted EMI noise reduction alternatives, based on 

LabVIEW engineering software. The main contribution of this section is:  

• Random and deterministic switch control algorithms oriented for FPGA digital 

controller are proposed and discussed in terms of harmonics lowering and FPGA 

hardware resources. 

• The algorithms have been preliminarily verified based on Xilinx FPGA (Kintex-7 70T) 

powered by embedded control PXIe 8135 and R-Series Multifunction RIO from 

National Instruments (PXI-7854R). 

We consider working with the embedded control PXIe 8135 and R-Series Multifunction RIO 

from National Instruments (PXI-7854R), with Kintex-7 70T FPGA. The FPGA is an integrated 

circuit with an array of programmable logic blocks. Each processing task is independently 

assigned to a dedicated chip section (Kintex-7 70T FPGA) and must provide the ability to 

function autonomously without any influence from other logic blocks. As a result, the 

performance of a chip section cannot be affected as further processing is added.  

An FPGA diagram block is given in Fig. 11. One of the benefits of FPGAs over processor-

based systems is the application of logic implemented in hardware circuits rather than running 

on an operating system, drivers, and application software.  
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Figure 11. FPGA PXI-7854R diagram block and application logic interface [16]. 

The high-level graphical synthesis (HLS) design tools LabVIEW is also adopted. The 

LabVIEW programming environment (used into the embedded control PXIe 8135) is distinctly 

suited for FPGA target programming, based on the parallelism and data flow. LabVIEW FPGA 

target is highly integrated with hardware. Therefore there is no need to rewrite code in VHSIC 

(Very High Speed Integrated Circuits) Hardware Description Language (VHDL) to meet 

timing or resource constraints, as may be the case in many HLS code generators [16]. Thus, 

the core programming language used for the FPGA-based controller design follows the 

engineering software LabVIEW.  

6.1 Deterministic-Switching Pattern 

Approaches for FPGA programming consider the utilization of owning palettes as structures 

that requires a base development sub-system. Based on this approach, it`s possible to apply a 

single-cycle time loop (𝑆𝐶𝑇𝐿) with a wide variety of loop definition options such as numeric, 

Boolean, and operational comparisons. The structure For loop, it was chosen to develop the 

deterministic-switching pattern, since it executes its subdiagram 𝑛𝑖 times, where 𝑛𝑖 is the value 

wired to the count (𝑁) terminal, as follows (1) and (2). Also, one important parameter is the 

iteration (𝐼) terminal, which provides the current loop iteration count, which ranges from 0 to 

𝑛𝑖 . 

𝛮 = 𝑓𝑠𝑤
−1/𝑓𝐹𝑃𝐺𝐴

−1  (1) 

 
𝑛𝑖 = 𝑁/𝑆𝐶𝑇𝐿 (2) 

where: 𝑓𝑠𝑤 is the fundamental switching frequency, and 𝑓𝐹𝑃𝐺𝐴 - onboard available clock 

frequency. Fig. 12 illustrates the flowchart of Pulse Width Modulation (PWM). 

https://pt.wikipedia.org/wiki/VHSIC
https://pt.wikipedia.org/wiki/Linguagem_de_Descri%C3%A7%C3%A3o_de_Hardware
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Figure 12. Flowchart of Pulse Width Modulation (PWM). 

Fig 12 shows the concept of PWM into three parts. The part A is responsible for carrier function 

counter ramp, where the loop iteration count, from 0 to 𝑛𝑖, provided by 𝐼 generated the value 

of 𝑆 When compared, 𝑛𝑖 = 𝐼, since both are the same data type (Long integer numbers with 32 

bits of storage), 𝑆 provides a Boolean array. Thus, in part B of Fig 12, responsible to provide 

the control signal output, the first 𝑆 determines whether the main function returns the value set 

in TRUE (𝑇) or FALSE (𝐹) in 𝑆? 𝑇: 𝐹, to the variable 𝑥. Once 𝑥 also represents one counter 

ramp based on 𝐼, it is applied the comparison less than, with the defined value of 𝑑 = 𝐼 ≤

(
𝑛𝑖

2⁄ ) . Lastly, the function ? 1: 0 converts a Boolean 𝐹 or 𝑇 value to a 16-bit integer with a 

value of 0 or 1, respectively. 

Part C of Fig. 12, illustrates the concept of 𝑆𝐶𝑇𝐿. The implementation with base development 

sub-system, structure For loop, must consider the value of time, or ticks, between each 𝑆𝐶𝑇𝐿. 

Without an execution instance, the program logic can take a longer time to execute, complete 

each cycle of operation, than the necessary to perform the 𝑛𝑖. Fig. 13 illustrated how should be 

the harmonic magnitude in a narrow band, and its amplitude most significant overall in the 

whole frequency spectrum.  

 

Figure 13. Normalized harmonic power density distribution by PWM. 
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It is important to note that Fig. 13 (and also Fig. 16) presents the Spectrogram using a short-

time Fourier transform. The proposal is to provide the expected noise spectrum shape measured 

according to EMC standards in the frequency domain. Those examples are based on the 

generation of Nx (number of times (≥ 1)) = 1024 samples of a signal that consists of a sum of 

sinusoids. The normalized frequencies of the sinusoids are 2π / 5 rad/sample and 4π / 5 

rad/sample. The higher frequency sinusoid has 10 times the amplitude of the other sinusoid. 

6.2 Random-Switching Pattern 

Random modulations (RM) waveforms are often treated as EMI techniques for power 

electronic converters [17]  to reach the EMC requirements. The main advantage of RM is the 

reduction of noise spectrum related to switching frequency. The classical approaches consider 

Random Carrier Frequency Modulation Fixed Duty (RCFMFD) [18], [19]. Random Carrier 

Frequency Modulation Variable Duty (RCFMVD) [20], [21], Random Pulse Width 

Modulation (RPWM) [17]-[21], and Random Pulse Position Modulation (RPPM) [22], [23]. 

Nevertheless, the traditional approach to choice for the better random-switching pattern must 

consider not only the possibility of harmonics lowering, moreover, the hardware resource used. 

Once we can find one possible noise spectrum reduction, measured according to EMC 

standards in the frequency domain, provided by RM, without investment in converter 

hardware. Therefore, the random-switching pattern becomes an essential parameter to execute 

the RM.  

In this context, we propose in this report one FPGA implementation based on Pseudorandom 

Binary Sequence (PRBS) with Linear Feedback Shift Register (LFSR) and Lookup table 

(LUT). Also, one FPGA implementation only with LUT. All those implementations are 

implemented with the flat sequence structure, that consists of one or more subdiagrams, or 

frames, that execute sequentially. 

The data flow for the flat sequence structure differs from data flow for other LabVIEW 

structures. Frames in a flat sequence structure execute from left to right and when all data 

values wired to a frame are available. This means the input of one frame can depend on the 

output of another frame.  

Therefore, the proposed FPGA implementation sequence considers as the first flat sequence of 

the PRBS algorithm, second the LUT algorithm, and third the control signal output, as 

illustrated in Fig. 12. However, the details of each algorithm and its variables of randomness 

to the random control signal output, instead of the deterministic variables 𝑁, 𝑑, and 𝑆𝐶𝑇𝐿 

(illustrated in Fig. 12) are discussed in the next two subsections. 

6.2.1 Pseudorandom Binary Sequence (PRBS) 

A random sequence generated with PRBS could be considered as a periodic, finite signal with 

a series of digital 1 and 0 levels, and each level depends on the length of the binary sequence 

set. Fig. 14 illustrates the concept implemented into the first flat sequence structure, where the 

base development sub-system considers the concept of Linear Feedback Shift Register (LFSR). 
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Figure 14. Flowchart of Pseudorandom Binary Sequence (PRBS) with Linear Feedback Shift Register (LFSR). 

Fig. 14 shows the feedback node is analogous to a 𝑍−1 block of the feedback control theory 

and digital signal processing. We propose, according presented in Fig. 14 one linear serie 

arranged with 𝑍−1 from the later stage back to the input, creating the LFSR. Therefore, each 

𝑍−1 uses the data type from the initializer terminal (𝑘𝑖) as the initial value for the execution or 

loop iteration. For instance, whether the 𝑘𝑖  is set to 𝑇, the 𝑍−1 runs as configured, however, 

whether the 𝑘𝑖  is set to 𝐹, the 𝑍−1 ignores the input value and returns the value from the last 

execution or iteration when the 𝑘𝑖  was 𝑇.  

The total number of 𝑍−1 configured to create the LFSR, determines the binary sequence set, 

consequently the random sequence duration, that can be represented by 2𝑛 − 1, where 𝑛 is the 

number of 𝑍−1. In this paper, we follow the PXI-7854R recommendation, where $I$ is a 32-

bit signed that saturates on reaching its maximum value of 231 − 1.  

Furthermore, in Fig. 14, not exclusive (𝐹𝑋𝑂𝑅) and exclusive (𝑇𝑋𝑂𝑅) gates are used to alternate 

the PRBS, consequently, generate opposite values of 𝑆. 𝐹𝑋𝑂𝑅  provides a PRBS to 𝑆 determine 

whether the 𝑆? 𝑇: 𝐹 returns the value of 𝑁𝑚𝑎𝑥 or 𝑁𝑚𝑖𝑛. On the other hand, 𝑇𝑋𝑂𝑅 provides a 

PRBS to $S$ determine whether the 𝑆? 𝑇: 𝐹 returns the value of 𝑑𝑚𝑎𝑥 or 𝑑𝑚𝑖𝑛. For both cases, 

the final parameters provided by 𝑆? 𝑇: 𝐹, represent the variables of randomness 𝑁𝑅  and 𝑑𝑅 

instead of the deterministic variables 𝑁 and 𝑑, used to the control signal output. 

The 𝑁𝑅  and 𝑑𝑅, should consider defined limits, 𝑁𝑚𝑎𝑥 - 𝑁𝑚𝑖𝑛 and 𝑑𝑚𝑎𝑥 - 𝑑𝑚𝑖𝑛, respectively, 

since it is discussed in this paper as the ideal approach, one randomly changeable frequency, 

without a harmonic increase in the lower narrow band, and with randomness that doesn't 

provide overlapping between harmonics overall in the whole frequency spectrum. 

6.2.2 Lookup Table (LUT) 

Since the main commands 𝑁𝑅  and 𝑑𝑅, generated by the first flat sequence are random, and 

considering that for the third flat sequence (control signal output), it should consider the value 

of time, or ticks, between each 𝑆𝐶𝑇𝐿 also random. This subsection proposes the random 

generation of a single cycle time cycle (𝑅𝑆𝐶𝑇𝐿), based on the LUT. A random sequence 
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generated with LUT is based on an array that replaces runtime computation with a more 

straightforward array indexing operation. Fig. 15 illustrates the concept implemented into the 

second flat sequence structure, where the base development sub-system considers the Reshape 

Array Function (𝑅𝐴𝐹). 

 

Figure 15. Flowchart of Random Generation of Single Cycle Time Cycle (𝑅𝑆𝐶𝑇𝐿), based on the Lookup Table 

(LUT). 

Fig. 15 consider as the first step, the conversion of the multiplication product of two unsigned  

ℤ to Boolean, and after to Boolean array. All those conversion processes, in both data flow, are 

performed by the LabVIEW Boolean function (𝐵𝐶). Moreover, it is important to note that the 

unsigned ℤ, can be a scalar number, array, or cluster of numbers. The function of the 𝑅𝐴𝐹 must-

reads the Boolean array data in memory from left to right, row by row, and populates the 𝑅𝐴𝐹 

output in the same way. The parameter 𝑏𝐼  is responsible to provide the dimension size of the 

𝑅𝐴𝐹 and must be numeric. The amount of 𝑅𝐴𝐹 and values of 𝑏𝐼  for each 𝑅𝐴𝐹 considered by the 

flat sequence implementation can be sized according to the desired value of the 𝑅𝑆𝐶𝑇𝐿. 

Therefore, it`s important to consider the Boolean array output is a range of unsigned ℤ, and 

this range can be an increase or decrease according to the dimension of each 𝑅𝑆𝐶𝑇𝐿used. 

Fig.16 shows the 𝑓𝑠𝑤 is random, and the 𝑇𝑆𝑊 is asynchronous. The average value of the 𝑖𝐿(𝑡), 

is also different in every 𝑇𝑆𝑊 under steady-state conditions. 

 
Figure 16. Normalized harmonic power density distribution by RM. 
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In the next Fig. 17, and Fig. 18, it presents the final LabVIEW FPGA programming, for PWM 

and random switch pattern with PRBS and LUT, respectively. The hardware resources on an 

FPGA are indicated by the number of slices that FPGA has. For the PWM programming, after 

the compilation process, we have total slices of 3.7% from all available slices in the Kintex-7 

70T FPGA. The random switching pattern with PRBS and LUT used the total slices of 4.2 %, 

from all available slices in the Kintex-7 70T FPGA. All those LabVIEW FPGA programs 

presented in Fig. 17, and Fig. 18, was used during the measurement conducted EMI. The 

preliminary testbed used in the evaluation process to choose better random, and the 

deterministic pattern is presented in Fig. 19. 

 

Figure 17. Final LabVIEW FPGA programming for PWM. 

 

Figure 18. Final LabVIEW FPGA programming for random switching pattern with PRBS and LUT. 
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Figure 19. Preliminary testbed.  

7 Measurement and Analysis of Conducted EMI 

A practical example is here used, of a simple DC/DC buck-converter topology, for the analysis 

of quantifying the harmonic reduction based on differents switch control strategies. A 

comparative analysis of EMI spectra for the different noise spectrum of output voltage 

measurements is presented in this section. The main contributions of the section are:  

• The algorithms have been verified experimentally based on Xilinx FPGA (Kintex-7 

70T) powered by embedded control PXIe 8135 and R-Series Multifunction RIO from 

National Instruments (PXI-7854R). 

• Three implementations were carried out. First, considering only PWM. Second, 

considering PRBS and LUT, and third only LUT with deterministic variables 𝑁 and 𝑑. 

• Statistical analysis thought the harmonic spread factor (HSF) and the sum of squared 

estimate of errors (SSE)  are proposed to quantify the benefits of harmonics lowering 

through the spectrum shaping strategies, considering the EMC technical and regulatory 

viewpoint. 

The measurements carried out in this paper have concerned a buck-converter topology, with a 

C2-class high speed insulated-gate bipolar transistor (IGBT) with a hardware interface for 

signal and ground to the R-Series Multifunction RIO from National Instruments (PXI-7854R), 

with Kintex-7 70T FPGA. Fig. 20 illustrated the scheme of measuring testbed.  

As illustrated in Fig. 20, during the test, the converter has been powered by a regulated 

laboratory power supply. A signal generator (FPGA control board), is galvanically isolated 

from the Power circuit. Additionally, the FPGA control board is powered by embedded control 

PXIe 8135 to avoid additional couplings through the power source. A linear load was 

connected to the buck-converter topology output and measured output voltage with the high 

voltage differential probe SI-9010A from Sapphire Instruments. The attenuation rate 

configured it was 1/100, accuracy ±2%, and input impedance 50𝑀Ω/10𝑝Ϝ each side to 

ground. All the measurements were obtained by means of the TDMIX4 EMI test receiver from 

the Gauss Instruments company. All the measurements carried out are presented into three 

figures, Fig. 21, Fig. 22 and Fig. 23.  
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Figure 20. Schematic illustration diagram of measuring testbed. 

The presented spectrum of output voltage measurements in Fig. 21, Fig. 22 and Fig. 23 show 

the PWM with the most dominant harmonic in the voltage spectrum next to the main 𝑓𝑠𝑤. The 

harmonic reduction provided by the random switch patterns is more significant in the 

intermediate lower frequency band. Also, the dominant and second-order components are 

significantly reduced, especially for the random switch pattern with PRBS and LUT.  

The maximum level of the spectrum of Fig. 21 (observed at about 10 kHz) for PWM is about 

17.1 dB for Quasi Peak (QP) detector, and 17.8 dB for Average (AV) detector higher in 

comparison with random switch pattern with PRBS and LUT. Also, for the random switch 

pattern only with LUT, the difference is about 11 dB for QP detector, and 11 dB for AV 

detector higher for PWM. 

Fig. 22 also presents the maximum level of the spectrum (observed at about 60 kHz). For PWM 

is about 22.5 dB for QP detector, and 23.6 dB for AV detector higher in comparison with 

random switch pattern with PRBS and LUT. The difference between PWM to random switch 

pattern only with LUT is about 8.5 dB for QP detector, and 8.5 dB for AV detector higher for 

PWM. 

Lastly, Fig. 23 presents the maximum level of the spectrum (observed at about 240 kHz). For 

PWM is about 11 dB for QP detector, and 16 dB for AV detector higher in comparison with 

random switch pattern with PRBS and LUT. The difference between PWM to random switch 

pattern only with LUT is about 8.7 dB for QP detector, and 8.6 dB for AV detector higher. 

Also, it is possible to observe that high switching values increase the harmonic level at low 

frequencies bands. 

All the measurement used the same buck-converter topology, which explains the 20𝑑𝐵 decade 

per 10 times change in frequency until approximate 7𝑀𝐻𝑧, where it`s possible to note the 

influence of pulse fall time from the control signal 𝐸, and −𝐸 in the time domain, that provide 

those envelopes in the frequency domain, according to expected by spectral envelope of 

waveform obtained via Fourier analysis, by the TDMIX4 EMI test receiver.   
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Fig. 21 shows the EMI spectrum for PWM, random switch pattern with PRBS and LUT, and 

only LUT. The fundamental PWM frequency was set to 10 kHz, with a duty cycle of 50%.  

 

 

 
Figure 21. The spectrum of output voltage obtained by means of EMI test receiver for (a) PWM at 10kHz, (b) 

PRBS and LUT, and (c) only LUT. 
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Fig. 22 shows the EMI spectrum for PWM, random switch pattern with PRBS and LUT, and 

only LUT. However, PWM frequency was set to 60 kHz, with a duty cycle of 50%.  

 

 

 
Figure 22. The spectrum of output voltage obtained by means of EMI test receiver for (a) PWM at 60kHz, (b) 

PRBS and LUT, and (c) only LUT. 
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Fig. 23 shows the EMI spectrum PWM, random switch pattern with PRBS and LUT, and only 

LUT, and the fundamental PWM frequency was set to 240 kHz, with a duty cycle of 50%. 

 

 

 
Figure 23. The spectrum of output voltage obtained by means of EMI test receiver for (a) PWM at 240kHz, (b) 

PRBS and LUT, and (c) only LUT.  
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According to the literature, the evaluation of the reduction of the harmonic levels could be 

provided by the HSF [21]. The HSF is an accurate evaluation index of any waveform for testing 

its harmonic spreading effects. HSF quantifies the spread spectra effect, and for this purpose, 

the concept of statistical deviation can be employed. The HSF is defined in (3) and (4). In this 

report, the HSF is used to compare the performances of PWM, random switch pattern with 

PRBS and LUT, and only with LUT. 

HSF = √
1

𝑁
∑(𝐻𝑗 − 𝐻𝑜)

2
𝑁

𝑗>1

 

 

(3) 

𝐻𝑜 =
1

𝑁
∑(𝐻𝑗)

𝑁

𝑗>1

 

 
(4) 

where 𝐻𝑗 is the amplitude of the 𝑗th harmonics and 𝐻𝑜 is the average value of all 𝑁 harmonics. 

The ideally spread spectrum must be near zero, i.e., white noise, present an HSF equal to zero.  

In addition, the HSF analysis must consider the concept of data generation from the TDMIX4 

EMI test receiver, before to quantifying the harmonic lowering. The concept of frequency 

representation by the superheterodyne spectrum analyzer often leads to confusion concerning 

reduces the peak harmonic content. If a low enough resolution bandwidth is selected, it can be 

seen on a spectrum analyzer that dithering the switching frequency (i.e., spreading the 

spectrum) was translated into a harmonic lowering to comply with the conservation of energy. 

Thus, as the power spectral density decreases, the narrowband noise becomes broadband noise; 

sideband energy is introduced, the noise floor increases, and the harmonic peaks associated 

with the characteristic wave are reduced [17]. 

In general, EMC standards for conducted emissions set the intermediate frequency bandwidth 

(IFBW) to avoid problems of spectral leakage by the bandwidth or windowing selection. Fig. 

21, Fig. 22, and Fig. 23 included the conducted EMI frequency band from 9kHz to 30MHz 

(CISPR-A and CISPR-B). In the CISPR A frequency band is from 9kHz to 150kHz, and the 

IFBW was set to 200Hz. Moreover, in the CISPR B frequency band is from 150kHz to 30MHz, 

and the IFBW was set to 9kHz. All configurations are typical values selected according to the 

EMC standards.  

Therefore, we propose in this paper to analyze the harmonic reduction in two fronts. First, 

calculate the HSF for QP and AV detectors, considering all measurements carried out. This 

analysis should provide the HSF in absolute value, which represents the harmonic reduction 

for a specific detector into one particular frequency band (CISPR-A or CISPR-B).  

The second analysis should provide the calculation of SEE. SSE is the sum of squared 

deviations of actual values from predicted values. This metric can take on any value between 

0 and 1, with a value closer to 1, indicating that a greater proportion of variance is accounted 

for by the model. From the harmonic reduction viewpoint, the SSE serves to aggregate the 

magnitudes of the difference for the various samples of frequency band analyzed. SSE is a 

measure of accuracy, to compare and provide the correlation of the noise attenuation level of 

all FPGA implementations with different 𝑓𝑠𝑤   and for IFBW with 200Hz and 9kHz. 
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7.1 HSF Analysis 

Table I show the HSF for all measurements carried out for QP and AV detectors, considering 

the CISPR A (9kHz to 150kHz) with IFBW of 200Hz and Table II for CISPR B (150kHz to 

30mHz) with IFBW of 9kHz.  

TABLE I - HSF FROM 9KHZ TO 150KHZ, IFBW OF 200HZ 

HSF PWM PRBS and LUT LUT 

10kHz QP 0.077775 0.016865 0.024178 

AV 0.076543 0.017757 0.024191 

60kHz QP 0.149158 0.015631 0.044078 
AV 0.134773 0.016378 0.044048 

240kHz QP 0.620784 0.021225 0.110210 

AV 0.256328 0.022645 0.103384 

TABLE II - HSF FROM 150KHZ TO 30MHZ, IFBW OF 9KHZ 

HSF PWM PRBS and LUT LUT 

10kHz QP 0.042421 0.039864 0.039513 

AV 0.046836 0.046654 0.046356 

60kHz QP 0.035615 0.021091 0.022975 

AV 0.037332 0.023448 0.024886 
240kHz QP 0.044281 0.020394 0.024105 

AV 0.050510 0.022437 0.023912 

Table I shows the HSF is smaller for the random switch pattern with PRBS and LUT. PRBS 

and LUT is 78% for QP and 76% for AV lower than PWM at 10kHz, and 30% for QP and 26% 

for AV lower than random switch pattern only with LUT. Also, PRBS and LUT is 89% for QP 

and 87% for AV lower than PWM at 60kHz, and 64% for QP and 62% for AV lower than 

random switch pattern only with LUT. Moreover, the PRBS and LUT is 96% for QP and 91% 

for AV lower than PWM at 240kHz, and 80% for QP and 78% for AV lower than random 

switch pattern only with LUT. 

Table II also shows the HSF smaller for random switch pattern with PRBS and LUT, however 

for measurements carried out at 10kHz as the main 𝑓𝑠𝑤 has practically the same value compared 

to the random switch pattern only with LUT. PRBS and LUT is 6% for QP and 0.4% for AV 

lower than PWM at 10kHz, and 0.8% for QP and 0.6% for AV higher than random switch 

pattern only with LUT. Also, PRBS and LUT is 40% for QP and 37% for AV lower than PWM 

at 60kHz, and 8% for QP and 5% for AV lower than random switch pattern only with LUT. 

Moreover, the PRBS and LUT is 53% for QP and 55% for AV lower than PWM at 240kHz, 

and 15% for QP and 6% for AV lower than random switch pattern only with LUT. 

The results from the table I, report that the harmonic reduction provided by the random switch 

patterns is more significant in the intermediate lower frequency band, 𝑓𝑠𝑤 = 60𝑘𝐻𝑧. On the 

other hand, table II reports that the harmonic reduction provided by the random switch patterns 

is more significant for the 𝑓𝑠𝑤 = 240𝑘𝐻.  Both results demonstrated the influence of IFBW on 

the 𝑓𝑠𝑤, that is, the smaller the frequency band (considering the dominant harmonic presence) 

and the smaller the IFBW value, the smaller and the HSF value of the random switching 

pattern, hence more significant the harmonic reduction. 
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7.2 SSE Analysis 

To provide the SSE analysis, all data from the TDMIX4 EMI test receiver, in the frequency 

domain, were processed by MATLAB 2019, thought the curve fitting and surface fitting 

toolbox. The propose is found the SSE value, to the frequency band of CISPR A and CISPR 

B, through the Lowess Smoothing method that uses weighted linear regression to smooth data. 

The process is weighted because the curve fitting and surface fitting toolbox define a regression 

weight function for all data points considered in the analyzed span for all the and all 

measurements carried out. SSE is a measurable difference between values observed. Therefore, 

which more the SSE is near to zero, lower is the magnitude of the difference between the 

various samples of frequency band analyzed. From the harmonic reduction viewpoint, SSE 

near to zero represents the worst harmonic reduction solution.  

The next figures, from Fig. 24 to Fig. 35 shows the SSE calculation based on the Lowess 

Smoothing method, where the interpolation is between PRBS and LUT, with, only LUT. The 

PWM is used as a reference plan for dispersion. Based on these results, for QP and AV 

detectors considering the IFBW with 200Hz (Fig. 24, Fig. 25, Fig. 28, Fig. 29, Fig. 32, and 

Fig. 33) the SSE is higher for measurement with 𝑓𝑠𝑤 = 10kHz since the presence of dominant 

harmonic and the second-order components are into this CISPR A frequency band. Also, which 

justifies the RMSE from 𝑓𝑠𝑤 = 60kHz be higher than RMSE from 𝑓𝑠𝑤 = 240kHz. 

 
Figure 24. Lowess Smoothing and RMSE for IFBW with 200Hz measurements, QP detector, PWM at 10kHz, 

PRBS, and LUT. 

 
Figure 25. Lowess Smoothing and RMSE for IFBW with 200Hz measurements, AV detector, PWM at 10kHz, 

PRBS, and LUT.  
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Figure 26. Lowess Smoothing and RMSE for IFBW with 9kHz measurements, QV detector, PWM at 10kHz, 

PRBS, and LUT. 

 

Figure 27. Lowess Smoothing and RMSE for IFBW with 9kHz measurements, AV detector, PWM at 10kHz, 

PRBS, and LUT. 

 

Figure 28. Lowess Smoothing and RMSE for IFBW with 200Hz measurements, QV detector, PWM at 60kHz, 

PRBS, and LUT. 
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Figure 29. Lowess Smoothing and RMSE for IFBW with 200Hz measurements, AV detector, PWM at 60kHz, 

PRBS, and LUT. 

 

Figure 30. Lowess Smoothing and RMSE for IFBW with 9kHz measurements, QV detector, PWM at 60kHz, 

PRBS, and LUT. 

 

Figure 31. Lowess Smoothing and RMSE for IFBW with 9kHz measurements, AV detector, PWM at 60kHz, 

PRBS, and LUT. 
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Figure 32. Lowess Smoothing and RMSE for IFBW with 200Hz measurements, QP detector, PWM at 240kHz, 

PRBS, and LUT. 

 

Figure 33. Lowess Smoothing and RMSE for IFBW with 200Hz measurements, AV detector, PWM at 240kHz, 

PRBS, and LUT. 

 

Figure 34. Lowess Smoothing and RMSE for IFBW with 9kHz measurements, QP detector, PWM at 240kHz, 

PRBS, and LUT. 
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Figure 35. Lowess Smoothing and RMSE for IFBW with 9kHz measurements, AV detector, PWM at 240kHz, 

PRBS, and LUT. 

On the other hand, for IFBW with 9kHz, Fig. 26 and Fig. 27 (QP and AV detectors, 

respectively), shows that SSE from measurement with 𝑓𝑠𝑤 = 10kHz is the smaller one. It 

happens, once the dominant harmonic and the second-order components are not into this 

CISPR B frequency band. The SSE results for measurement with 𝑓𝑠𝑤 = 60kHz (Fig. 30 and 

Fig. 31) is a little higher than the SSE results for measurement with 𝑓𝑠𝑤 = 240kHz (Fig. 34 

and Fig. 35), for both QP and AV detectors (IFBW with 9kHz), respectively. This small 

difference highlights the correlation of harmonic reduction through the spectrum shaping 

strategies with IFBW and 𝑓𝑠𝑤. 

The measurement with 𝑓𝑠𝑤 = 60kHz provides a division, between the dominant harmonic 

included in the CISPR A frequency band, to the second-order components included in the 

CISPR B frequency band. Therefore, the division of harmonic content, in the conducted EMC 

range, must be carefully defined, since we have the influence of two different IFBW in the 

noise spectrum shape.  

8 Conclusions 

In addition to the first report provided to the SCENT project [1], this report presents 

fundamental concepts for measurement of conducted EMI in power electronic converters. The 

core proposal is based on demonstrates how to design random and deterministic switch control 

algorithms oriented for FPGA implementation with the LabVIEW engineering software.  

The algorithms have been verified experimentally based on Xilinx FPGA (Kintex-7 70T), 

considering the EMC technical and regulatory viewpoint. Through the statistical analysis of 

HSF and SSE, the benefits of harmonics reduction through the spectrum shaping strategies 

were quantified. For the all FPGA implementations proposed, the harmonic reduction provided 

by the random switch patterns with PRBS and LUT was the most significant.  

Moreover, both measurements constated the influence of IFBW, provided by the QP and AV 

detectors through the CISPR A (IFBW=200Hz) and CISPR B (IFBW=9kHz) frequency band. 

The smaller the frequency band (considering the dominant harmonic presence) and the smaller 

the IFBW value, the more significant could be the harmonic reduction provided by random 

switch pattern. Since there is the freedom to shaping the noise spectrum, the most successful 
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cases analyzed considered the dominant harmonic included in the CISPR A frequency band 

and the second-order components included in the CISPR B frequency band.  

Conceptually, the harmonic reduction presented in the frequency domain does not imply the 

reduction of waveforms in the time domain. However, the EMC assessment considers the 

conducted EMI emission levels; at this point, this paper shows how important it becomes to 

choose the right spectrum shaping strategies. Based on FPGA implementation random switch 

pattern with PRBS, a 0.5% increase in hardware resource utilization provides 24.5% of the 

primary harmonic reduction. 

9 Future Research  

As future development, we plan to repeat all those measurements, considering the proposal 

testbed, according to Fig. 36, and Fig. 37. The core approach to be used during the new analysis 

should provide investigation about propagation cables, impedance values, EMC measurements 

with or without Line Impedance Stabilization Network (LISN). 

 
Figure 36. First measurement testbed proposal. 

 
Figure 37. Second measurement testbed proposal.   



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D6.2 

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

under the Marie Skłodowska-Curie grant agreement No 812391 

 

34 

Since, we will consider measurement with LISN, parallel, and serie operation of multiple 

converters, with different switch control strategies, it will be more reliable to analyze the 

aggregated EMI. Initially, simulations only with the signal control from FPGA (from Fig. 38 

to Fig. 41), shows that identical signals, multiples with a small switch frequency difference 

(which in practical terms can also be generated by the physical characteristic of the converter, 

transistor, gate drive, etc.), provide a harmonic reduction. In terms of the random switch 

pattern, this reduction is more significant, according to Fig. 41. 

 

Figure 38. One control signal 𝐸, and −𝐸, the concept of one DC/DC Converter with PWM. 

 

Figure 39. Two control signals 𝐸, and −𝐸, the concept of two DC/DC Converter with PWM. 
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Figure 40. One control signal 𝐸, and −𝐸, the concept of one DC/DC Converter with PRBS. 

 

Figure 41. Two control signals 𝐸, and −𝐸, the concept of two DC/DC Converter with PRBS. 

From this moment, based on the above simulation, we will assume for a future work that for 

one converter, we have variables as a mapping from the sample space in the x-y plane. We 

now, the concept of multiple signals, should extend that definition to be a mapping from sample 

space to a point in the x-y plane that evolves with time. This is especially true if the random 

processes are correlated. The primary reference will be the concept of Multiple Wide Sense 

Stationary Random Processes.  
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11 Appendix I 

• Figure 3 – Proposed simulation of the Buck-converter power electronic circuit by LabVIEW 

 
 

Figure 4 – Closed-loop control response for changing the voltage set point. 
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Figure 5 – Initial transient response. 
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Figure 6 – Setpoint change response. 
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Figure 7 – Steady-state response. 
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