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ABSTRACT

Power electronics (PE) converters are increasingly applied in grid-connected systems.
While they provide efficient and flexible control of electrical energy, they also bring
new challenges concerning electromagnetic interference (EMI). In fact that, the EMC
standards are in place to ensure the compatibility of power electronics. But, the current
standards cover below 2 kHz and above 150 kHz. Therefore, there is a gap in standard
as there is no general emission standard for 2 — 150 kHz as it only covers some specific
products. The 2-150 kHz is of particular interest due to: 1) many power converters
have switched in this frequency range, and 2) the mains communication systems
(MCS) are communicated together to transfer the data in this frequency range.
Consequently, generated noise from the PE converter may severely deteriorate MCS
communication signals. Hence, to assure proper and reliable grid operation, EMI
challenging issues at device and system levels should be investigated appropriately.

Firstly, seen from the technical perspective, one major concern is the lack of
systematically understanding of noise propagation into the power grid within 2-150
kHz regarding the upcoming emission standard (i.e., 61000-6-3). Hence, accurate
modeling of the different power converters is needed to characterize low-frequency
EMI emissions up to 150 kHz. Further, this analytical model needs to extended to
single-phase and three-phase applications. Further, as the penetration of power
electronic systems to the grid increases, the noise level should be limited based on the
standard requirement, thereby a proper EMI filter should be better designed as well in
the single-phase and three-phase.

Secondly, one of the main challenges in the new frequency range is the lack of a
suitable model which covers the interaction analysis between the units in multi-
converter systems. Further, it is necessary to simplify the multi-converter systems
analysis model. Additionally, the parallel operation of various PE converters within
similar power switching frequencies has led to unprecedented emissions within high
frequencies, including a beating frequency and EMI under 150 kHz. Moreover, the
factory switching tolerance, which brings the unsynchronized scenario on the multi
converter systems, should be included in the modeling.

To tackle those issues and thus understand noise propagation mechanism and limit
the emission following the standard regulations, this Ph.D. project discusses modeling
and analyzing of low-frequency noise emission. Consequently, it can provide a proper
EMI filter design and identify dominant parameters leading to power converter noise
model order reduction and simplification. The analytical low-frequency EMI emission
model through closed-loop impedance modeling is developed up to 150 kHz
throughout this project. Among different power converters, a voltage source inverter
(VSI) and a boost power factor correction (PFC) converter will be intensively studied
as they are common in grid-connected single-phase applications. Utilizing closed-
loop models can speed up the design process, prevent time-consuming trial and error,
empirical measurements, and reduce cost. Further, it is necessary to limit the noise
level based on the standards requirement. Hence, designing a proper EMI filter for the
frequency between 2-150 kHz based on the proposed modeling approach is analyzed.
The performance of the proposed analytical approach with and without EMI filter has



been validated through experiments and simulations. The reduced-order model is
achieved to use in the multi-converter system analysis.

Next, the analytical model is extended to the three-phase converter to characterize
noise behavior in the low-frequency EMI range. Hence, the proposed technique
estimates the generated emissions of the three-phase converter by utilizing double
Fourier analysis and closed-loop input/output admittance. Three-phase voltage VSI
and active rectifier will be studied as the most common topologies utilized in grid-
connected three-phase applications. The impact of a sampling frequency and loading
conditions on the closed-loop admittance have been analyzed. The performance of the
proposed method is shown through the experimental and simulation results.

Furthermore, the impact of interleaving techniques on the analytical method has also
been analyzed by applying phase shift effects. Moreover, the EMI filter design is done
by considering various phase shifts to decrease the filter volume. Next, the interaction
current between the multi-converter is also analyzed, where unsynchronized scenarios
are regarded due to the switching frequency tolerance. Moreover, the effects of the
different EMI filter designs on the interaction current between the units and grid are
investigated. Finally, an aggregated analytical EMI emission estimation approach is
achieved on the multi-converter systems. The proposed analytical method is validated
by simulations and experiments with different phase shifts.

Accordingly, by employing the analytical proposed models for EMI noise
propagation assessment and prevention, future power-electronics-based power
systems may be designed and operated in a desirable fashion and compatible with the
new standard.



DANSK RESUME

Power elektronik (PE) konvertere anvendes i stigende grad i net-tilsluttede systemer.
Mens de giver effektiv og fleksibel kontrol af elektrisk energi, medfarer de ogsa nye
udfordringer vedrgrende elektromagnetisk interferens (EMI). EMC-standarderne er
pa plads for at sikre kompatibilitet imellem effektelektronik systemer. De nuverende
standarder deekker kun for bandene under 2 kHz og over 150 kHz. Derfor er der et hul
i standarderne, da der ikke er nogen generel emissionsstandard for 2 - 150 kHz, men
kun visse specifikke til nogle produkter. 2-150 kHz er af serlig interesse af flere
grunde: 1) mange effektomformere arbejder i dette frekvensomrdde, og 2)
hovedkommunikationssystemerne (MCS) overfgrer data i dette frekvensomrade.
Derfor kan genereret stgj fra PE-konverteren alvorligt forringe MCS-
kommunikationssignalerne. For at sikre korrekt og palidelig drift bgr EMI
udfordringerne pa enheds- og systemniveau derfor undersgges korrekt.

Fra et teknisk perspektiv er den manglende systematiske forstaelse af stajformering

i elnettet bekymrende. Her menes specifikt inden for 2-150 kHz bandet, ogsa i den
kommende emissionsstandard (dvs. 61000-6-3). Derfor er der behov for ngjagtig
modellering af de forskellige effektomformere for at karakterisere lavfrekvente EMI-
emissioner op til 150 kHz.
Desuden skal analysemodellerne udvides til enfasede og trefasede applikationer.
Efterhdnden som mangden af effekt elektroniske systemer i nettet gges, bar
interferensniveauet begraenses baseret pa standardkrav, hvorved et korrekt EMI-filter
ogsa skal designes bedre i enfasede og trefasede systemer.

For det andet er en af de starste udfordringer i det nye frekvensomrade manglen pa
en passende model, der dakker interaktionsanalysen mellem enhederne i multi-
converter-systemer. Yderligere er det ngdvendigt at forenkle analyseanalysemodellen
til multi-konverteringssystemer. Derudover har den parallelle drift af forskellige PE-
konvertere inden for lignende stramskiftefrekvenser fort til hidtil usete emissioner
inden for hgje frekvenser, herunder en slagfrekvens og EMI under 150 kHz. Desuden
bar fabriksomskiftningstolerancen, som bringer det usynkroniserede scenarie pa
multikonverteringssystemerne, medtages i modelleringen.

For at tackle disse problemer og dermed forstd stgjformeringsmekanismen og
begraense emissionen i henhold til standardbestemmelserne, vil dette Ph.D. projekt
diskutere modellering og analyse af lavfrekvent stgjemission. Derfor kan det
tilvejebringe et ordentligt EMI-filterdesign og identificere dominerende parametre,
der forer til stgjmodel forenkling. Den analytiske lavfrekvente EMI-emissionsmodel
gennem lukket slgjfeimpedansmodellering er udviklet op til 150 kHz gennem hele
dette projekt. Blandt forskellige effektomformere vil en spaendingskildeinverter (VSI)
og en boost effektfaktorkorrigering (PFC) konverter blive undersggt intensivt, da de
er almindelige i netforbundne enfasede applikationer. Designprocessen vil forhindre
tidskraevende trial-and-error og reducere omkostningerne. Desuden er det ngdvendigt
at begrense stgjniveauet baseret pad standardkravet. Derfor analyseres designet af
EMI-filtre til frekvensen mellem 2-150 kHz baseret pd den foresldede
modelleringsmetode. Udfarelsen af den foreslaede analytiske tilgang med og uden
EMI-filter er blevet valideret gennem eksperimenter og simuleringer.

vii
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Dernast udvides den analytiske model til trefasekonverteren for at karakterisere

stgjadfeerd i det lavfrekvente EMI-omrade.
Derfor estimerer den foresldede teknik de genererede emissioner fra
trefasekonverteren ved hjelp af dobbelt Fourier-analyse og lukket slgjfe-input/output
adgang. Tre-faset spaendings VSI og aktiv ensretter vil blive undersggt som de mest
almindelige topologier, der anvendes i nettilsluttede trefaseapplikationer. Virkningen
af samplingsfrekvens og belastningsforhold pa et lukket kredslgh er blevet analyseret.
Udfarelsen af den foresldede metode vises gennem de eksperimentelle og
simuleringsresultater.

Desuden er virkningen af sammenflettede teknikker i analysemetoden ogsa blevet
analyseret ved anvendelse af faseforskydningseffekter. Derudover udfgres EMI-
filterdesignet ved at overveje forskellige faseskift for at mindske filtervolumenet.
Dernaest analyseres interaktionsstrammen mellem multikonverteren ogsa, hvor
usynkroniserede scenarier betragtes pa grund af skiftefrekvenstolerancen. Desuden
undersgges virkningerne af de forskellige EMI-filterdesign pa interaktionsstremmen
mellem enhederne og elnettet. Endelig opnds en aggregeret analytisk EMI-
estimeringsmetode pa multikonverteringssystemerne. Den foreslaede analysemetode
valideres ved simuleringer og eksperimenter med forskellige faseforskydninger.

Ved anvendelse af de analytisk foreslaede modeller til vurdering og forebyggelse
af stgjudbredelse af EMI kan fremtidige effektelektroniske baserede energisystemer
designes og drives pé en gnskelig made som er kompatible med den nye standard.
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Chapter 1. Introduction

1.1. Background

1.1.1. Standardization Gap Between 2-150 kHz EMI Emission
Frequency Range

Power converters are widely employed in grid-connected energy generation or
utilization systems for power conversion. In recent years, power electronics (PE)
converters have witnessed an ever-increasing advancement, especially PE converters
operating within the switching frequency of 2-150 kHz. This progress is expected to
be dramatically increased within the aforementioned frequency range in the near
future [J1]. The vast increase of PE converters enables more flexible power grids,
nevertheless, it brings new EMI concerns. This is majorly caused by inherent pulse
energy conversion characteristics. Fig. 1.1 depicts an overall view of power
electronic-based power system which some of them be modeled in the thesis.

Electronic-based Grid

Three-phase voltage source
Three-phase AC/IDC/AC inverter (VSI)

Ac filter

mains communication
systems

_ - — — Three-phase active rectifier
L —, Single-phase AC/DC (AC/DC)

Single-phase AC/DC

Fig. 1.1: General view of power electronic-based power system.
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Indeed, the pulsed energy conversion related to PE converters and the required
communications throughout the electric power lines results in serious EMI emissions
that may compromise the power grid reliability [1]. As an obvious reason, the smart
grid is considered as a major area that may be affected by EMI emissions. Many PE
converters utilized in smart grids are operated by relying on mains communication
systems (MCS) [J1]. Moreover, the PE converters' injected noise into the power grid
may extremely distort MCS operational signals. Thus, limit the maximum EMI peak
under the standard level is a great important factor conditioning the appropriate design
of systems based upon PE. MCS, in particular, is a smart meter measuring the
supply/demand of electric power energy. This is mandatory in smart grids, and the
related importance is only highlighted due to supply-side and/or demand-side
management requirements. Additionally, regarding Fig. 1.2, most MCSs are operated
purposefully for communication within a given frequency range (2-150 kHz);
however, PE converters produce unintentional emissions. Extensive penetrations of
PE converters and MCSs because of their state-of-the-art technology within this
frequency range is regarded as the main logic behind the critical importance of this
frequency range. For example, converters used for energy conversion and
management of photovoltaics (PVs)[2], electric vehicles (EVS) on-board chargers [3],
and laptop/PC chargers [4] have an operating frequency in between 2 — 150 kHz.

Table 1-1: IEC standard and report classification for 2-150 kHz frequency range.

Standard’s Standard’s name Publication
number date
IEC TR Emission limits in the frequency range 2- 9 kHz

61000-3-10 [5] 2023*
ED1 [5]

IEC 21[2?06 Electromagnetic compatibility (EMC)- Generic 2020

standards - Emission standard for equipment in
residential environments [6]

IEC 61000-2- EMC-Environment - Compa.tlblllty levels for
2[7] _Iow—f_rquency c_onducted disturbances and
signalling in public low-voltage power supply
systems [7]

2002

EMC -Environment - Compatibility levels in 2002,
industrial plants for low-frequency conducted 2023*
disturbances [8]

IEC 61000-2-
4[8]

* The standard group is working on it, it will be published in the future.
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No general emission limits*

| | |
|EC standards | No Standards | Standardds fOI; some |  CISPR Standards CISPR Standards
| produc |
>+

Harmonics LF Range Conducted EMI Emission Radiated EMI Emission
C d by
overed by T T Covered by T Covered by T Covered by
IEC 61000-3-2
CISPR 14 ... CISPR 11 ... CISPR 22 ...
2kHz 9kHz 150kHz 30MHz 1GHz

| E ec[romagne[lcs |

| Interferences |
*|[EC 61000-6-3 2020 generic standards - emission standard for equipment in residential environments is recently coming

Fig. 1.2: The classification of IEC standard frequency ranges for the harmonics
and different EMI types for the electric power system [C1, J1].

Additionally, a number of noise emission interferences have been recently reported
for various PE converters within this frequency range [5, 6]. The mutually operating
groups in IEC SC77A/CISPR, NASI, and CIGRE standard committees are currently
working on defining the limits of the emissions below 150 kHz [7-10]. Table 1-1
provides the view for the IEC standard and report classification for 2-150 kHz
frequency range from emission and compatibility perspective view [6].

Generally, to reach an ensured electromagnetic compatibility (EMC) of PE
systems, the produced noise emissions need to be limited for observing the available
international standards. As depicted in Fig. 1.2, the frequencies below 2 kHz and
above 150 kHz are in the standard ranges; but, there is no generally-accepted standards
for the noise emissions within 2—150 kHz except for unique products [12]. The given
EMI standardization gap in the frequency range between 2 — 150 kHz results in
challenging interferences created by PE converters [1], [10], [12, 13]. Even though
many research works have been recently reported on measuring/observing the
interference issues, there are no obligatory perceptions of noise emissions and
mitigation and their impacts within the 2—-150 kHz frequency range. Thus, it is
required for a systematic technique to model multi-parallel converters and evaluate
their interactions, such as their frequency behavior and the influences on the electric
power grid.

1.1.2. Conducted EMI Modeling in Power Electronic

Due to the presence of inherent pulsed energy conversion in PE converters, EMI
appears within a broad frequency range, and the created unintentional emissions may
partially/entirely interfere with the operation of the other grid-connected PE devices.
As discussed earlier, there has been no reported EMI analytical model in the new
frequency range regarding the lack of general standards. It is required to find the EMI
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analytical model to hasten the understanding and analysis of the converter's frequency
behavior. It would be more effective to find EMI mitigation techniques to limit EMI
based on the standard requirements. It would also be essential in the multi-converter
systems analysis in which many converters are connected via a common point. So far,
EMI analysis and/or modeling have been investigated within frequencies above 150
kHz. For example, in [14— 16], PE converters’ modeling within high frequencies was
applied to assess EMI emissions based upon Thevenin/Norton equivalent circuit
models. A number of EMI filters, including DM filter, CM, and CM+DM filters, have
been already suggested for frequencies above 150 kHz [10], [17— 19] with regard to
recommended standard limits[20— 22]. Most of the modeling approaches focusing on
EMI analysis within frequencies above 150 kHz are based on simulations. All of the
suggested techniques suffer from higher complexity due to existing parasites caused
mainly by components and PCB layout. Thus, all techniques that are appropriate for
high-frequency modeling of EMI (that is >150 kHz) may be employed for estimation
of the EMI within frequencies under 150 kHz at the cost of higher complexity and
computation time.

Accordingly, just a few simulation/experimental-based reports are available in the
literature focusing on EMI issues within the frequencies below 150 kHz [1], [5, 6],
[15], [23, 24]. Therefore, this thesis aims to propose an analytic modeling technique
for noise in DM EMI propagating within this frequency. The proposed model is
extended considering the analysis within the time-frequency domain; therefore,
demonstrating the PE converter’s behavior which leverages its switching function as
the major source of noise and the related closed-loop impedance for EMI estimations
as shown in Fig. 1.3. The majority of modeling approaches employed for high-
frequency modeling of EMI are based on computer simulation model and semi-
experimental model because of complex behavior of various parts/components and
the reliance of EMI behavior on PE converter design. As a result, the parasitic effect
model is not designed in the current thesis as long as their impacts are trivial [J1]. This
thesis aims to propose an appropriate order-reduction technique within low-frequency
ranges regarding PE converters having various topologies and modulations.

Additionally, only some analytical approaches are appropriate for differential-mode
noise, as in [28] mentioned as a “conventional approach” in this thesis. According to
the comparative investigations, it has been revealed that the traditional methodology
is only appropriate for designing/sizing the EMI filter because it only forecasts the
emission’s first peak with acceptable accuracy. Furthermore, within the frequency
range of interest, the DM noise is more important than CM noise because of small
parasitic capacitor limiting the EMI level subjected to standards [J1], [8— 10], which
is acceptable in most applications except in a few particular cases, including motor
drives [29]. More importantly, besides modeling PE converters according to CISPR
standards [24], EMI measurements must be carried out with an EMI receiver and line
impedance stabilization network (LISN). Thus, the equivalent model of the circuit for
LISN and EMI receiver must also be obtained for modeling the EMI emissions. The
LISN presents a fixed impedance, decouples PE converters and power grids within
high frequencies, and repeats measurements when conducted emission tests.
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Fig. 1.3: The extension of developed power converter equivalent circuit model for
interleaved/multi-converter modeling.

In Fig. 1.3, the general Norton equivalent circuit model of the interleaved/multi-
converter with EMI filter [J1]. PFC can be a sample for interleaved as the
synchronized scenario. For EMI analysis investigation, the noise signal is derived by
carrying out computer simulations of the converter with a LISN and then transferring
to the frequency domain [12], [30], time-domain [31] as well as time/frequency
domain [9], [26], [32]. Measurements related to voltage noise are transferred via
Fourier analysis to the frequency/domain with an EMI receiver and a LISN. Regarding
reports in the literature, the frequency domain process usually is faster than that its
time-domain counterpart. In this thesis, the low-frequency EMI emissions related to
PE-based systems via the closed-loop impedance modeling are defined within
frequencies up to 150 kHz. This model is developed for both single-phase and three-
phase PE converters. PFC converters have been extensively utilized in most PE
applications as they obey Total harmonic distortion (THD) standards and improve
power factor with acceptable energy efficiency [33]. Thus, an analytic model of a PFC
converter is suggested in this thesis. It is also broadly agreed that the voltage source
inverter (VSI) is in place for PE applications because of its simplicity, higher
efficiency, and broad availability [34]. Hence, a single-phase inverter is selected as
the second case study to analyze and achieve the analytical model. In the next step, a
reduced-order model is characterized to employ the model in aggregation units.

1.1.3. Mitigation Strategies and Multi Converter System Based Analysis

As discussed earlier, developing a proper equivalent circuit model for power
converters is an important stage in frequency behavior analysis and, consequently,
addresses EMI issues [C1]. Thus, the prevention of noise emission through the power
grid is one of the main objectives of this thesis. More importantly, finding appropriate
mitigation techniques is considered as one of the main challenges in the new
frequency range. One technique to reduce low-frequency emissions of EMI is the
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application of passive EMI filters. Fig. 1.3 depicts an EMI filter in a grid-connected
PE converter. Numerous EMI filters have been proposed in the literature for
frequencies above 150 kHz [17—- 19]. As such, a minimized EMI filter has been carried
out for a 3-phase 3-level T-type PWM converter system. Additionally, a summary of
the systematic approach for an optimized volume for a 2-stage DM and CM EMI filter
was presented for a 10-kW power converter within the frequency range above 150
kHz [19]. In [35], different techniques were reported for an enhanced low-frequency
duty of CM EMI filters, such as an improved equivalent parallel capacitance (EPC)
and equivalent series inductance (ESL) for a CM EMI filter. In most research works,
an EMI filter was suggested for a frequency range within 150 kHz— 30 MHz.

Notably, only a number of the reported works were carried out within the
frequency range of 2—150 kHz. Solving the EMI emission issue only by utilizing an
EMI filter within 9-150 kHz) has led to an increased EMI filter size; thus, the active
mitigation technique was utilized to prevent the increased size of EMI filters[15].
Most of the references are on designing the EMI filter within a frequency above 150
kHz. However, in [15], the design of an EMI filter under 150 kHz has been reported.
Further, the Fig. 1.4 is shown the considered emission limits following CISPR 15
based on QP (Quasi Peak).

Another approach to reducing the EMI emissions without significant changes in
the size of an EMI filter was proposed to alter noise emission spectra. There are two
techniques to propagate the noise energy over the spectra, including a variable
frequency and randomized schemes. The reduced EMI for DC/DC PE converters via
the randomized PWM application and neglecting an EMI filter was studied in [33,
34]. Further, compared to the PWM, [36, 37] details a study of the impacts of 4 various
randomized modulation schemes, including the random pulse position modulation
(RPPM), the random pulse-width modulation (RPWM), and the random carrier-
frequency modulation with a fixed duty cycle (RCFMFD) or random carrier-
frequency modulation with a variable duty cycle (RCFMVD) on conductive EMI for
the DC/DC synchronous rectifier. In the last step, the RPWM and RCFMFD create a
minimized low-frequency harmonic, and thus they are proper for DC-DC converters
[36]. The frequency dithering is considered as a spectral-shaping technique to reduce
an EMI emission. The effective period dithering technique operates by varying the
PWM signal frequency driving the PE inverter switches for an EMI reduction in a
single-phase DC/AC [38].
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Fig. 1.4: Considered emission limits following CISPR 15 based on QP (Quasi Peak)
[C2].

Further, the phase impact of this signal for EMI reduction was referred to [38]. In
[39] the EMI level reduction in the buck converter utilizing the variable frequency
is described. The triangular profile along with a high-frequency switching imposes a
maximally reduced EMI spectrum; the experimental verification of the technique
proposed for the buck converter. Besides, the variable spectral-shaping of a reduced
EMI for high-frequency ballasts and inverters was investigated in [40]. Topologically,
interleaving power converters can effectively decrease the input ripple current and
DM EMI noise magnitude, leading to a smaller DM filter size [41].

By employing the obtained models, the interactions among various PE converters
and their impacts on low-frequency EMI are considered as the main gap in this
research field studied in this thesis. Thus, the application of PE converter models can
accelerate the design processes, avoid timely trial/error processes, experimental
measurements, decrease costs, and investigate large-scale systems. This is important
when dealing with electric power distribution networks to which numerous PE
converters are connected in a parallel fashion [C1]. The interaction among such
devices becomes of interest with numerous devices connected at the same point, such
as a lighting installation, a computer center, etc. When devices are launched by the
same manufacturer and the same type, the situation is further complicated due to
minor switching frequency variations [42]. Therefore, the factory tolerances of
switching frequency for the same power converter lead to the beating in the parallel
operation.

Fig. 1.3 illustrates the several units like boost PFC which are connected to the
common point. There are some reports and measurement data in the low frequency
range related to the units' interactions and beating effects [39— 41]. For example, [42]
details a simple model to explain the high-frequency current flow through various
devices and power grids. The model is also employed to demonstrate the aggregation
among devices considering slight frequency differences. In addition, several
measurements have been carried out on an entire-scale electric power model of an
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individual house to investigate the equipment emissions and impedances under 9-95
kHz in [44]. Most equipment creates a remarkably lower impedance route than the
grid itself. Based on the results, the conducted disturbances concerning this frequency
range mainly propagate through the individual devices rather than both the devices
and the electric power grid. Moreover, it is demonstrated that the input impedance
related to the equipment may be large time-dependent when the time-scale is less than
a power system frequency cycle. Hence, it is required to propose a model that can
achieve the interaction current among units and aggregated EMI model.

1.2. Project Motivation

As discussed above, various challenges still exist and need to be addressed to increase
the penetration level of PE converters. Recent literature and various ongoing
standardization activities over the frequency range of 2-150 kHz demonstrate the
significant analysis of EMI emissions for PWM converters. Interestingly, the
importance of these frequency ranges as new frequency ranges are shown based on
Table 1-1. 2-150 kHz is one of the critical frequency areas, which is a high number of
the PE converters and MCS are operated. Hence, generated noise from the PE
converter may seriously deteriorate MCS communication signals [J1]. The overall
project motivation can be further divided into five sub-questions:

1) There is no report regarding general standards covering the frequency of 2-150
kHz. Hence, there is a lack of systematic perception of the noise emission through
power grids within the mentioned frequency range [J1]. As a result, in order to get a
better understanding of the PE converter's frequency behavior, an appropriate
modeling methodology should be available to effectively estimate DM EMI noise
levels in single or three-phase power converter.

2) Select an appropriate EMI mitigation technique like designing suitable DM EMI
filters to comply with the standard recommendations. More importantly, the
unavailability of general standards for the frequency of 9-150 kHz has resulted in the
unavailability of PE converters characteristic models within this frequency range.

3) Therefore, proposing such a model may help characterize the influencing
parameters employed to reduce the model in a multi-converters system analysis.
Additionally, in order to achieve a reduced EMI model within the frequency range of
2-150 kHz, it is required to define important parameters to decrease the order and
complexity of the model [J1]. On the other hand, the main sources of DM and CM
noise of PE converters in PE-based systems should be determined. A noise emission
model should be provided for each source in 1-phase and 3-phase PE converters with
simulations.

4) Numerous simulation modeling techniques have already been suggested;
however, the analytical modeling technique is highly demanding to enhance the
computational time and modify it at the multi-converters system analysis.

5) There exists no idea or analysis for the multi-units system analysis to which
many converters are connected via a common point. Thus, extending aggregated
models for multi-parallel PE converters considering single-unit and multi-unit modes
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are modeled and then verified via computer simulations and the obtained experimental
results. This model should cover the interaction between various units and the power
grid as well as LISN.

The overall study exercises in this Ph.D. project are graphically summarized in Fig.
1.5.

1.3. Research Questions and Objectives

This thesis aims to comprehensively address EMI emissions by power converters
within the newly proposed frequency range of 2—150 kHz. For this purpose, the main
question is

how to model and limit the low-frequency EMI emission of power converters to the
electric power grids to comply with the existing standards?

Accordingly, the project assumptions are as follows: accurate DM EMI noise
models are mandatory for single-phase and three-phase converters as well as
aggregation multi-units, selection of the proper EMI mitigation strategies on the basis
of active/passive spectral shaping techniques. Thus, solving the question mentioned
above is highly facilitated. The overall question can be further divided into three sub-
questions:

1) How to characterize DM noise and closed-loop input impedance for a single-
phase converter within this novel frequency range?

2) How to extend the analytical equivalent circuit model in a three-phase grid-tied
application?

3) Is it possible to develop aggregated analytical models for multi-parallel PE
converters and choose the best EMI mitigation technique?

Based on the aforementioned research questions, three sub-objectives are defined:

1) Develop a DM EMI emission model for the PE-based systems via a closed-

loop impedance and switching function modeling for a single-phase boost
PFC and VSI.
To better understand PE converter's frequency behavior, an appropriate modeling
technique is required to estimate DM EMI noise levels and design suitable DM
EMI filters to obey the standards [J1]. Further, the unavailability of typical
standards for the frequency of 2—150 kHz has resulted in a lack of characteristic
models for PE converters within this frequency range. Thus, the performance of
the suggested time-frequency domain approach is validated experimentally
through a single-phase grid-tied boost PFC and VSI.

2) Derive and extend the DM EMI analytical model for a three-phase power
converter, including the active rectifier and VSI, limiting the noise level
based on the standard requirements.
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The low-frequency EMI emissions related to PE-based systems via a closed-loop
impedance modeling are defined up to a frequency of 150 kHz for three-phase
power converters. Furthermore, an analytical formulation between the input
LISN current and the EMI receiver branch and the analytical formulation between
various EMI receiver parts have been computed. A three-phase AC/DC grid-tied
converter prototype and VSI are employed to confirm the suggested EMI
modeling technique.

Achieved reduced-order model for the single and three-phase converter to
decrease time-consuming and complexity in the multi converter noise
analysis and investigation.

By employing this model, one can define the influencing parameters utilized to
simplify the suggested model at the multi-converter systems study. To get a
simplified EMI model within the frequency of 2-150 kHz, it is crucial to
determine salient parameters to decrease the model order and complexity [J1].
Hence, it speeds up the analysis in the multi-converter system.

Designed an appropriate passive EMI filter to limit the noise based on the
standard specification.

EMI filter is one of the noise mitigation techniques which is design based on the
passive component, including capacitor and inductors. The performance of
designed filters is validated by boost PFC in different switching frequencies with
simulation and experimental results.

The analysis of the interaction between the units and developed the
aggregated analytical models for multi-converter systems.

The developed models are aggregated to emulate the behavior of the multiple
parallel grid-tied converters. Multi-parallel single-phase PE converters are
illustrated in Fig. 1.3. Additionally, the interactions fulfilled among various PE
converters and the corresponding impacts on low-frequency EMI, are studied
utilizing the developed models in synchronized and unsynchronized scenarios.
The EMI mitigation techniques on the basis of active and/or passive spectrum-

10
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Grid-Connected Single-Unit Converter
Challenges

Low frequency EMI model in converter based model:

e Developed analytical time-frequency domain model for
single-phase converter including VS| and boost PFC

e Developed analytical time-frequency domain model for
three-phase converter including VSI and active rectifier

e Design proper EMI filter and Ensuring fulfill standard
requirement

Multi-Converter Systems Challenges

Low frequency EMI model in multi-converter based
model:

e Developed analytical time-frequency domain model for
multi-interleaved units

e The analysis interaction current between the multi-
converter and beating frequency effects

e Developed analytical aggregate EMI low-frequency
model

t

EMI standard

Closed loop input Noise source

f

EMI standard

Lower order

and analytical N Equivalent circuit
q . N requirement N
output admittance equation model of units
\ 4 \ 4
Ch ics of low freq y d d EMI noise based on Ch istics of low freq y conducted EMI noise based on

the power electronic level

the multi-converter systems

| |

v

istics of low fi

spectral ch conducted EMI in power electronic based systems

Fig. 1.5: Study activities in the Ph.D. outline: develop the analytical EMI model in

a PE-based system.

shaping techniques are extended, and their impact and adequacy at the multi-converter
systems with numerous converters are analyzed. The suggested time-frequency
domain approach's performance is verified experimentally with a single-phase
interleaved boost PFC and multi-unit PV application.

1.4. Limitations

The Ph.D. project has the following limitations:

The impact of parasitic components is neglected. The DM noise within the
new frequency range is more important than CM noise because the parasitic
capacitor's size is smaller for the former, limiting the EMI level subjected to
standard criteria. This is verified in most applications except for a few special
practices such as motor drives. Based on the assumptions above, the
suggested analytical modeling technique is confirmed for the frequency of
2-150 kHz and is extended for higher frequencies if the impacts of parasites
related to devices/components are considered. The majority of modeling
approaches employed for high-frequency EMI modeling techniques are
based on computer simulations and semi-experimental models due to the
complicated behavior of various components and the EMI behavior's
dependency on PE converter design [J1]. Thus, the parasitic impacts are not

11



CHAPTER 1. INTRODUCTION

considered for modeling purposes in this thesis because the related quantity
is trivial.

e The analytical EMI model depends on the modulation technique, impedance
/admittance, and power converter configuration. Hence the model can not
cover the converter black-box due to the no access to the factory design's
data.

e Grid impedance variation effect and grid abnormalities are neglected.
Moreover, unsymmetrical effects in the three-phase converter operations are
neglected.

e There are several converter topologies in single-phase and three-phase with
different modulation. Due to the dependency of the proposed technique on
the given topology and modulation, modeling all types of grid-connected
converters is not possible in this work. Hence, the more common type of
single-phase for boost PFC and VSI (with both bipolar and unipolar
modulations) and three-phase for rectifier and VSI are selected for analysis
and modeling.

1.5. Thesis Outline

The Ph.D. project outcomes are documented in this Ph.D. thesis, constituting of two
main parts: report and selected publications. The report summarizes the research
works conducted at the time of the Ph.D study, and partial research outcomes are
included in the selected publications. The thesis frame is depicted in Fig. 1.6,
suggesting a linking guideline between the report and the selected literature.

The report part is organized into five distinct chapters. Finally, the concluding
remarks, major contributions, and suggested future research are summed up in
Chapter 5. Chapter 1 details the Ph.D. thesis introduction in the research background,
and then the project objectives are discussed. The next two chapters deal with the EMI
modeling and analysis of the studied grid-tied topology using an equivalent circuit
modeling. Chapter 2 is on characterizing the low-frequency EMI emissions by PE-
based systems through closed-loop impedance modeling within the frequency range
up to 150 kHz. Analytical EMI level estimation of boost PFC systems is discussed in
detail. The estimation accuracy performance is confirmed via experiments.
Comprehensive comparisons with the prior-art estimation techniques are carried out.
An EMI passive mitigation technique, including the EMI filter, is employed to limit
the EMI noise level based on the recommended standard requirements. In Chapter 3,
the model is extended for three-phase grid-tied PE converters comprising of rectifier
and inverter. A proper EMI filter is design for the three-phase active rectifier to limit
noise level. In Chapter 4, Firstly, EMI analytical model is extended to multi-
interleaved units by the phase shift impacts. Moreover, phase shift impacts at EMI
filter design are investigated. The obtained results are verified via simulations and
experiments. Secondly, the developed models are aggregated to emulate the behavior
of multiple parallel grid-tied converters. Additionally, the interactions among
different PE converters and their impacts on low-frequency EMI in the synchronize
and unsynchronized scenarios, as the main research gap in this field, are detailed

12
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utilizing the developed models.Notably, the aggregated EMI model is achieved for
multi-converter systems. In the end, concluding remarks and main contributions of
this Ph.D. thesis are summed up in Chapter 5. Future research perspectives/directions
are also described in the final chapter.

1.6. List of Publications

The research outcomes during the Ph.D. study are published in journal papers and
conference proceedings listed below. Furthermore, these papers are partly used in the
Ph.D. thesis shown in Fig. 1.6.

Study of spectral characteristics of low frequency conducted EMI in power
electronic based systems

Report Selected Publications
L ch.1 Introduction
PE based analysis and model Results and output
— N
Low Frequency DM Noise
Ch.2 Modeling and Filter Design in 4— Publication [J1], [C1], [C4]

Single-Phase Converters

Low Frequency DM Noise
— Modeling and Filter Design in <— Publication [C3], [C4]
Ch.3 Three-Phase Converters

Multi-Converter Systems based analysis and

model Results and output

Low Frequency Differential EMI

— Ch.4 Modeling For Multi-Converter <—

Systems

Publication [C2], [32], [J3]

B— s Conclusion

Fig. 1.6: Thesis framework and related key articles of each part.
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Chapter 2. Low Frequency DM Noise
Modeling and Filter Design in Single-
Phase Converters

2.1. Introduction

PFC converters have been widely utilized in most PE applications due to their high-
power factor and low current total harmonic distortion (THD) [33], [45, 46].
Moreover, VSI is more prevalent in many photovoltaic (PV) applications because it
provides many benefits such as simplified control, flexibility in operation, and the
possibility of connecting to the grid [47— 50]. Thus, analytical models for PFC and
VSI converters are suggested in this Chapter. As discussed before, the EMI noise is
generated due to the power converter's switching, and it is creating challenges for
many communication systems which transmit data in the frequency range of 2-150
kHz. Recent EMI noise reports in the references show EMI noise should be further
investigated on the new frequency range of 2 — 150 kHz [51-54]. For instance, in [55]
the effect of EMI noise causing measurement error of smart meters (i.e., 45%) in the
new frequency range of 2-150 kHz is reported. Lack of a general standard for emission
level and lack of in-depth analysis of power converter frequency behavior lead to no
theoretical basis to cover the EMI noise model and limit noise level based on the new
standard requirement [23], [25], [56]. Hence, there is a need for developing a model
to analyze and estimate the noise emission within the frequency range of interest. The
suggested model is constituted based on time-frequency domain analysis; thus,
presenting the behavior of a PE converter that employs its switching function as the
major source of noise and the closed-loop impedance / admittance for EMI
estimations [J1]. An analytical simplified-order DM EMI model is constructed within
the frequency range of 2-150 kHz according to the following assumptions:

e  The impacts of parasitic components are neglected.
e Rise and fall times related to switching waveforms may be neglected [J1].

In this Chapter, a suitable model order-reduction technique for the low-frequency
emission ranges is proposed. The developed model can be adjusted by considering
selected power converter topologies and modulation methods. The proposed
technique estimates the generated emissions of the PE converter within the frequency
range of 9-150 kHz by utilizing double Fourier analysis and closed-loop impedance.
Although the primary goal of the developed modeling technique is to characterize the
power converter emission, the estimated emission level is used for proper EMI filter
design resulting in damping the emission levels below the selected standard limit
within the 9-150 kHz frequency range. Notably, the conventional simplified EMI
analytical technique for filter sizing [28] is utilized for comparison purposes when the
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proposed technique is employed to highlight the proposed technique's accuracy and
appropriateness for filter design [J1].

It is demonstrated that the suggested technique is able to simplify the estimation
of all DM noises within the frequency range of 9 - 150 kHz through double Fourier
analysis. Moreover, the sampling frequency and partial power impacts on input
impedance are studied [J1]. Further experiments considering the EMI filter were also
presented in this thesis.

2.2. Control and Parameter Selection
2.2.1. Single-Phase Boost PFC

This section focuses on the design and control of single-phase boost PFC. It is known
that continuous conduction mode (CCM)[57], [58] has a lower current ripple
compared to the other operation modes (Discontinuous current mode (DCM) [59],
Quasi-conduction mode (QCM)[60], etc.) in boost PFC. Thus, a relatively large boost
inductor is required in CCM that also reduces high frequency (HF ) ripple, leading to
a smaller EMI filter [61]. Fig. 2.1 shows the block diagram of a PFC converter. As it
can be seen to implement CCM operation, the control block diagram is based on a
double-loop control strategy. The outer loop regulates the DC-link voltage while
providing reference current for the inner current control loop resulting in a sinusoidal
input current waveform. As mentioned earlier in the prior section, the current control
is traditionally leveraged in a single-phase PFC (CCM operation) [57]. The block
diagram related to one of the systems studied, comprising the power stage related to
a boost PFC, control block diagram, EMI, receiver LISN, and EMI filter is presented
in Fig. 2.1. To select the needed inductor value, firstly, the inductor value should be
more than that of (2-1). This amount guarantees the converter operation in CCM.
Secondly, the inductance is decided based on the maximized peak-to-peak current
ripple, 4iLmax. The maximum current ripple happens once Urec = Uger2 (that is, D=0.5)
[57], [62]:

L (2-1)

L= -
41, Ai

L, max

where i max is set regarding the average inductor current value once the maximum
current ripples occur Ip,avg (D=0.5) using the ripple factor Krippie [63]:

AIL,max = kripple'I L,avg(D=0.5) (2-2)
where kripple IS typically selected in the range of 20% to 40% in CCM [62], iL,av iS the
mean inductor current. Additionally, the mean current controller based on Pl was
employed. The voltage control loop regulates the output voltage by comparing the
measured output voltage (uqc), with the output voltage of interest (ug:" ). Table 2-1
provides the applied system specifications.
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Fig. 2.1: Block-diagram of a 1-phase boost PFC converter comprising of control
block-diagram, EMI receiver, LISN, and EMI filter [J1].

Table 2-1: Studied case system specifications [J1],[C1]

Symbol Definition Value  Unit
Ug Grid side’s voltage 230 Vrms
fq Frequency of the grid 50 Hz
L Boost inductor 2,1 mH
fsw Frequency of switching 20,25,40 kHz
Cuc Output capacitor 500 uF
Ugc DC voltage 400 \Y
Po Power 1 kw

2.2.2. Single-Phase VSI

This subsection presents the next topology, which is considered for EMI modeling
and investigation. Further, the PI controller is constituted of an inductor current as of
the internal loop, and the output voltage as the external feedback loop. Thus, the
external control loop of a DC-link voltage bandwidth must be limited between 1/50
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and 1/10 related to the current control loop. For this case, a bandwidth of 100 Hz (10
times slower than the internal current control loop) is considered. Fig. 2.2 illustrates
the diagram of a 1-phase inverter, including the current control scheme, where Iq
denotes the inductor current’s rated RMS value for the fundamental component, Ug
denotes the RMS quantity of the grid voltage, A, (¢ is roughly fixed to 5%. Practically,
Je L5 1S regulated as 20-30%. In the subsequent step, the inverter-side inductor within
the bipolar single-phase inverter is obtained by (2-3)

Yl L, S—XU‘UQ (2-3)
24 o, |

c_Lf'g 99

where, Ty is switching period. Moreover, to select an appropriate value for the
inductor in converter side for unipolar single-phase converter, L is calculated by (2-4)
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Y]

chg

Ac filter

N LI, S

A c | N y
f

Us Rfcﬁ J|<__: [¢]

I

EMI filter
LISN
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—_ — — — — — — — — =

J J E} Bipolar Us Yo,env
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—

EMI
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Fig. 2.2: Single-phase structure of grid-tied inverter including the control block
diagram [C4].
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The filter capacitor leads to the production of reactive power. Thus, Ac is defined as the
ratio of the injected reactive power by capacitor related to a filter to the output active
power related to the grid-connected converter [C3]. Thus, the highest value of the filter
capacitance is formulated by (2-5) as [64]

C, =i 2-5)

2
a)QUQ

where Po is the active power output, Uy is the grid voltage. Damping resistance is
achieved from (2-6) [C3]

1 L, +L;
Rfc - (a)r = ) (2'6)
30,C, L L,C,

Further, the grid-side inductor is obtained by (2-7)

1 (L, +|Us(jwh)|) 2-7)

L, = 2
L,C ef -1 oA,

where wn denotes the angular frequency, h denotes the order of harmonics, us(jwn) and
I, denote the RMS ratings of an inverter bridge voltage and the grid current,
respectively. If a single-phase bipolar inverter, and single-phase unipolar inverter are
utilized, us(jen) are given in (2-19) and (2-20), respectively. For h>35, 1, is chosen as
0.3 as recommended in [64]. Table 2-2 provides the applied system specification for
single phase VSI.

2.3. Proposed Time-Frequency Domain EMI Model

This section describes the proposed modeling technique principle and its concept
based on the Norton equivalent circuit model having the closed-loop impedance /
admittance and the noise source [C3]. Fig. 2.3 exemplifies the equivalent circuit
model of a PFC converter shown in Fig. 2.1.
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Table 2-2: VSI case studies specification [C4], [C1].

Symbol Definition 1-ph bipolar 1-phunipolar ypit
Us Grid side voltage 230 230 Vrms
fo Frequency of the grid 50 50 Hz
fou Frequency of switching 20 20 kHz
Cae Output capacitor 1.5 15 WP
Use Output voltage 360 360 v
Po Power 3 3 kw
L Inductor of the converter side 25 0.6 mH
Lo Inductor of grid side 250 20 uH
Re Damping resistor 8 8 Q
Ci Reactive capacitor 8 8 WP
ALt Ripple factor of the voltage 5 - %
Ao Lt Ripple factor of the current 30 30 %
A Reactive power 5 5 %
4 Factor of the harmonic 0.3 0.3 ]

2.3.1. DM EMI Noise Source Model

In this subsection, the differential noise sources are modeled for single-phase boost
PFC and VSI. The modeling principle is based on developing corresponding
switching functions following double Fourier series analysis.

2.3.1.1 Single Phase Boost PFC

It is clear that switching is one of the main reasons behind DM noise sources
considered a challenge in grid-connected PE systems. Thus, as the primary goal of
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Fig. 2.3: Norton equivalent circuit for the reduced boost PFC converter including
EMI filter [J1].
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Fig. 2.4: Voltage waveform applied to power switch in a boost converter [J1]

this subsection, it is tried to model DM noise voltage applied across the power switch
depicted in Fig. 2.4 to analyze frequency behavior and design EMI filter related DM
noise. In the frequency domain, the coefficients of the Fourier series are obtained by
(2-8) assuming the (tr = tr) [65].

sin(n'z ft,, ) sin(n'z ft,)

2-8
n'z ft n'z ft, (2-8)

s,(f)=2U,d

on

where Ugc denotes voltage amplitude, d denotes the duty cycle, n' denotes the order of
harmonics, ton denotes the pulse-width, f denotes system frequency, t. denotes rise
time [65]. The frequency spectrum of the aforementioned voltage with trapezoidal and
ideal waveform applied to a power switch is illustrated in Fig. 2.4. As seen, the 2nd
corner frequency depends on the rise and/or fall times. Therefore, to understand how
the rise or fall times influence the EMI noise under 150 kHz, the transition time needs
to be more than 2.15 ps [J1]. As the PE switches work fast, this transition time is not
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Fig. 2.5: Frequency spectrum of the trapezoidal and ideal pulse voltage applied to
a power switch, (Ugc =400, fow = 20 kHz, t, = t; = 400 ns, d = 0.5)[J1].

generally fulfilled. An ideal pulse waveform in this thesis is considered operating on
frequencies below 150 kHz. So, the related Fourier series can be represented by (2-9)

sin(n'z ft,,)

S,(f)=2U,d
p( ) dc n,ﬂ'ﬁ:on

(2-9)

Mostly in grid-connected applications, including boost power factor correction (PFC),
the duty cycle is not fixed since different modulation strategies are utilized. To assess
the impact of modulation, a time-domain modeling technique is suggested in [28] to
get the input noise current of the related converter. In this thesis, a double Fourier
analysis is employed to model the effect of the modulation strategy. The modulation
technique applied under CCM operation is considered to develop the switching
function related to the voltage across the power switch (See Fig. 2.6) ) [J1]. Hence,
the voltage in the frequency domain employed across the PE switch is formulated in
(2-10) [J1].

u,(t) = % +3 [y, cos(na,t) +by, sin(ne,1)]

n=1

+ 3 [a,, cos(Ma,,t) + b, sin(ma, 1)] (2-10)
=1

+ Zm: i a,, cos( e, + N, |t)+b,, sin( ma,, +nw, ]t)

m=1n=—0
n=0
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where wsy and wgy denote fundamental frequency and carrier angular frequency,
respectively; aon, bon, @mo, Bmo, @mn, and bmn denote the Fourier coefficients computed
through the double Fourier series of the employed voltage; m and n are the carrier and
baseband indices, respectively; both appeared as integer multiples of the fundamental
component [J1], [66]. Thus, (2- 11) are expressed as

. Jb _ J.Mqu M \COS(V)\ ](m.x+ny)dxdy (2-11)

7.M Jcos(y)| dc

where Uy denotes the dc voltage output, and M denotes the modulation index given
by (2-12)
M = Y, (2-12)
Udc

For simplicity, rising or falling time effects in-between 2-150 kHz are neglected
considering (2-8) and (2-9). Thus, the pulse voltage across the power switch is
simplified to an ideal pulse having a variable duty cycle. Accordingly, the rising or
falling time effects are omitted from (2-11) , and the Fourier coefficients are
recalculated. Considering the modulation scheme depicted in, the integral domain of
double Fourier is defined. The selected values for the index variables m and n are
evaluated by (2-11) and considering the integer multiples and fundamental Frequency
of modulation. Thus, the dc component is obtained with regard to m =n =0 put in
(2-11) [J1] as
8y, _2MU,

Ay + oy = S (2-13)
T

So, baseband and fundamental harmonics are achieved through putting m = 0 into
(2-11) as
nzi ] ) _e—nzzi (1+ en/ri)

&, + jby, = M(—ni +2e 2 +ine™) . (2-14)
V4 n- -1
Further, carrier harmonics are obtained by putting n = 0 into (2-11) [J1] as
. 8u 2 J M
amO + meO = zdc 1 z k(m” ) (2'15)

mg k
k=odd

Then, by considering the index variables as m # 0, n # 0 in (2-11), sideband harmonics
are determined for each side of the main carrier harmonics as [J1]

U, 1 & (sm(—)zr) (sm(ﬂ);z)

- jbmn = 72'2 j_mXZ‘]k(m”M )(Jk - jik)( + ) (2'16)
k=1

k—n k+
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Fig. 2.6: Modulation scheme of single-phase boost PFC presented in Fig. 2.1 under
CCM operation [J1]

Next, the frequency spectrum related to the noise source is achieved considering (2-14)
-(2-16). Hence, us is updated considering the full-bridge diode rectifier impact to get
the noise source at the input side of the converter. Thus, Fourier frequency analysis
related to the full-bridge rectifier is fulfilled regarding a square waveform signal of the
switching function [J1]. Moreover, the frequency spectrum related to a full-bridge
diode rectifier is given by
2 . hrx
Uy (t)= Emn(?) cos(a, ht) (2-17)

77
!é»—‘-MS

dd

Thus following (2-16), the Thevenin voltage (or Norton current) modeled as the noise
voltage source shown in Fig. 2.3 is given by (2-18)
Ugy (1) =g (t)ug (1) (2-18)

Finally, once the converter closed-loop input impedance is achieved, the Norton
current can be obtained.

2.3.1.2 Single-Phase VSI

The noise source model of VSI can be obtained based on the same principle applied
to the PFC converter using double Fourier analysis illustrated in (2-9). Notably, for a
VSI, line-to-neutral voltage is modeled (denoted as us in Fig. 2.2). Further details on
expanding the frequency-domain function are elaborated in [66, 67]. Regarding
single-phase VSI, two modulation types are commonly considered (See Fig. 2.2). As
illustrated in Fig. 2.2, us only operates in two voltage levels denoted by +Uqc and, -
Uqc bipolar SPWM. The frequency-domain function related to the noise considering
bipolar modulation with Fourier coefficients is expressed by (2-19) as
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M
. qu, & = J, (M ) . -
u =MU, sine t+—2e n—Asmme‘m@cos Mao. t+na t)+.
S dc g sw 9
7T m21,35,. n=t113,. m 2

(2-19)

MZ jmp
cos—e™ sin(ma,,t + na,t)
2 ]

where Jn(X) denotes the first type Bessel function, Uq is the output dc voltage. In
(2-19), the first term denotes the fundamental term, the second one denotes the
sideband harmonics expanded over odd-multiples related to the carrier frequency, and
the third one represents the sideband harmonics expanded over even-multiples related
to the carrier frequency. As already defined by the second and third terms, ‘m’ and ‘n’
denote the carrier and baseband indices, respectively. Evidently, ‘m’ and ‘n’ also
define the harmonics distribution. Fig. 2.7. (a) depicts the frequency behavior related
to a noise source model based on (2-19) , and accordingly, simulations are carried out
in PLECS. As seen in Fig. 2.7. (a), DM noise source model estimates the DM peak
noise with high accuracy by simulations. In addition, the DM noise behavior is
illustrated for a 1-phase VSI having the unipolar modulation. It should be noted that
the unipolar SPWM has three levels for us including + Ugc, - Uqc, as well as zero. And,
the frequency domain function related to a noise source with unipolar modulation
taking into account the Fourier coefficients is expanded by (2-20) [C4]

M7z
. a, & & L™ .
uS:—MUdcsma)_qHi > —Acos%ejm‘gsm(ma)swtmwgt) (2-20)

T m=2,4,6,.n=+143,.. m

Comparing (2-19) and (2-20) reveals that only the even-numbered hamonic orders
available for the unipolar modulation; by contrast, odd- and even-order harmonics
available for the bipolar modulation. The estimated noise model, along with computer
simulations, is depicted in Fig. 2.7 (b).

2.3.2. Closed Loop Input Impedance and Output Admittance

2.3.2.1 Input Impedance of Single-Phase Boost PFC

In this section, it is attempted to model the closed-loop input impedance of PFC
converter. Interested readers are invited to read more details on the modeling of
closed-loop input impedance and the corresponding frequency behavior in [68]. The
closed-loop block diagram of a single-phase boost PFC converter is illustrated in Fig.
2.8. Since the focus of this thesis is on frequencies below 150 kHz, it is not required
to consider the high-frequency behavior impact of the layout and the related
components [J1]. Now, the closed-loop impedance is modeled based on a large signal
model through (2-21)
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Fig. 2.7: Frequency spectrum of the noise source model: (a) single-phase VSI with
bipolar modulation, (b) single-phase VSI with unipolar modulation. system
specification is based on Table 2-2 [C4].

R
sL+—-(UyG;(s))
7, (5)- Ug (s) _ 1umo (2-21)
I&:nv(s) 1+T(gUdCGci (S))

mo

where um denotes PWM signal’s peak-to-peak amplitude, and g stands for a fixed
value (obtained by g = pg/Uq? with pg and Ug (i.e., the input power and input voltage),
respectively). Additionally, it is required to integrate a low-pass filter into current
reference to ensure system stability for total operating conditions [68] while zero-
crossing distortion is suppressed [69]. The impact of a low-pass filter on current
reference is not marginal at high-frequency range and, thus, must be employed on the
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input impedance model [J1], [68]. Hence, irs illustrated in Fig. 2.8 is substituted by
irer = 9.Q.lienv/. As a result, the transfer function related to the low-pass filter is
formulated by:
1
S

1+ —

@,

Q(s) = (2-22)

It is worthnoting that the control parameters are a function of the related bandwidth.
And, as the bandwidth is commonly constrained up to 9 kHz, they can be simply
neglected. Thus, the input impedance can be achieved by(2-23)[J1]

sL +i(U Gai (9))
Zyn () = =L (2-23)
1+ T(g Q (S)U dc Gci (S))

mo

Fig. 2.9 depicts the low-pass filter impacts on closed-loop input impedance
behavior. The low-pass filter leads the impedance behavior to match the boost
inductor characteristics for higher frequency ranges [J1]. That is appropriate for the
frequency range of interest (i.e., 9 — 150 kHz). To assess the microcontroller sampling
impact on the obtained model, its transfer function, Gq is given by (2-24). So, the
transfer function should be put into the closed-loop impedance model.

Gd = eiSTd ’(Td = 1'5TSW/k’ k = TSW/TS) (2-24)

where T, Ts, and Ty denote switching time, sampling time, and time delay in the
control loop, respectively; k denotes the ratio of switching time to sampling time.
Thus, the closed-loop impedance model with regard to sampling time can be given by
(2-25)[J1]

R
sL+ (UG, (5)G,(5))
SR ~st (2-25)
|cnv (S) 1+ u7(gQ(S)U chCi (S)Gd (S))

mo

i,cnv
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Fig. 2.8: Block diagram of input current dynamics related to single-phase boost
PFC converter [J1].
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Fig. 2.9: Closed-loop impedance behavior considering the impact of low-pass filter
against boost inductor model and simulation results [J1].

Concerning the above equation, when f > 9 kHz, then Z; cn(s) is roughly sL. Fig. 2.10
shows the behavior of a closed-loop input impedance regarding the impacts of
sampling task and low-pass filter in the model depicted in Fig. 2.8 [J1]. Further, the
impedance model regarding sampling frequency of 2fy, and 5fs, with compensating
low-pass filter (Q(s)) is shown in Fig. 2.9. The closed-loop is verified via simulation
results (by PLECS) when the low-pass filter and sampling frequency of 2fs, are taken
into account.
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Fig. 2.10: Closed-loop impedance behavior on the basis of a simplified boost
inductor model given by sampling frequencies of 2fy, and 5fsy [J1].

This would increase the estimation error on the EMI levels. Thus, Fig. 2.11 shows
the simulated low-frequency EMI by considering the sampling frequency for a case
study regarding the frequency equal to 10 kHz. As shown in this figure, the obtained
error difference between these two simulation cases is raised to 1.8 dB. As a result,
the sampling transfer function must be considered in the input impedance modeling
process if the selected sampling frequency is less than 20 kHz [J1]. In the next step,
the impact of output power variations on the input impedance is studied. Thus,
considering (2-21), the impedance depends upon the rating power with g and can be
modified in the operation mode of the converter. But, as depicted in Fig. 2.12, loading
conditions may be ignored in the impedance behavior when operated above controller
bandwidth (i.e., > 9 kHz). Thus, the input impedance is estimated only by the inductor
impedance within the frequency of 9-150 kHz, which is commonly higher than the
current controller bandwidth [J1] (see Fig. 2.9, Fig. 2.10 and Fig. 2.12).
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——Without sampling 104
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102] » |4
'

A CISPR 15[QP Limit]

120—“

49.5 50 50.5kHZ

100t

Level in[db pV]

f
9 kHz 10° 150 kHz
Frequency [Hz]

Fig. 2.11: EMI simulation with frequency in between 9 kHz - 150 kHz with regard
to the sampling transfer function(2fsw)and fs,=10 kHz [J1].
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Fig. 2.12: The impact of output power level on closed-loop impedance
behavior[J1].

2.3.2.2 Output Admittance Single-Phase Inverter

The single-phase grid-tied VSI with a current control is depicted in Fig. 2.13.(a). For
modeling the output admittance of inverter, the mean switching model is utilized as
depicted in Fig. 2.13.(b). In addition, there are a filter and/or a current controller (G¢)
within the control loop, and a time delay caused by the computations and pulse-width
modulation (Gg). The gain of a modulator, Kewwy, is determined by (2-26):

G,(s) =K, G,(s) =e ™™, Koy =1 (2-26)

where K is the current controller’s proportional gain, Ts is the inverter’s sampling time
[70]. The input-output relationships of the filter considering Fig. 2.2 and ignoring the
parasitic resistances related to the passive components is obtained by:

_ L,C;s* +RCis+1 (2-27)
u,=0 s(L,C,L;s*+R.C, (L, +L)s+(L, +L,))

_ig
Yo (S) = u_
g

_ R.Cs+1 (2-28)
Uy =0 s(L,C,L,s*+R.C, (L, +L;)s+(L,+L,))

Yu () :Liji

S

In the end, the VSI’s output closed-loop admittance is as (2-29):

Yo(s) (2-29)

ig B
Yo (s)=— ii =0 1+G,(3)G,(s)Yy (5)

Ug

where, ig denotes the grid current; ug and us and are the grid and modulator voltage,
respectively. Hence, Yo is an open-loop admittance of VSI. Thus, the output
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Fig. 2.13: (a) Single-phase LCL-filtered inverter including grid current control (b)
mean switching model of the grid inverter [C4].

admittance is verified by applying numerous sinusoidal perturbations and, then,
checking its impacts on the given variable. Next, a Fourier analysis is carried out to
get the amplitude/phase of the frequency of the sinusoidal perturbations. Fig. 2.14
depicts the behavior of an output 1-phase admittance for single-phase grid-tied by
(2-29) and simulation results by PLECS (that is, switching model).

2.3.3. Norton current model

2.3.3.1 Boost PFC
Equivalent Norton current modeled as a noise source is obtained from the equivalent
Thevenin voltage divided further by a closed-loop input impedance as:

i, =" (2-30)

The equivalent Norton circuit model for a single-phase boost PFC converter is
depicted in Fig. 2.3 by a Norton current source and a closed-loop input impedance.
Moreover, The EMI filter for noise level constraint must be coupled with the Norton
model [J1].
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Fig. 2.14: Single-phase illustrations of the output closed-loop admittance behavior
including the magnitude and phase of a single-phase grid-tied inverter and
simulation results by PLECS[C4].

2.3.3.2 VSl

Finally, the model for an output noise source is reformulated through the voltage
division in the LCL filter via (2-31):
%Cf (s)

o R Fu0 o

Hence, the Norton current is obtained by (2-32)

i =Y. (2-32)

cnv S

where Ycr and Yis denote the amount of capacitor and converter-side inductor
admittance related to an LCL filter.

2.4. Inclusion of EMI Filter in the Power Converter DM EMI
Model

The structure of an EMI filter is illustrated in Fig. 2.15. The equivalent circuit,
including the EMI filter, is modified via the Middlebrook extra-element theory [71].
In this section, an equivalent circuit model including EMI filters and a converter is
presented to simplify the low-frequency EMI model [J1]. Thus, firstly, the boost PFC
converter’s closed-loop input impedance is considered as an extra component
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Fig. 2.15: Block diagram of a single stage DM EMI filter with a parallel RL
damping stage [J1].

connected to the EMI filter’s secondary point. Therefore, the new input impedance
obtained at the grid-side having an EMI filter is obtained by (2-33)

Z =7 .—- (2-33)

where, Zir denotes the EMI filter input impedance with output port open. It is given
by (2-34)

RDM 'ZL (S)
) = _ DM " low 277 2-34
Ze(5)=2c ()+2(Z, + T (S)) (2-34)

The readers are referred to [J1] for more detail’s information. Z.r, is the EMI filter
output impedance with input port shorted, which is obtained as

7. (s)= 2(ZLDM (s)+ Rom -2y, (s) )||ZCDM (s) (2-35)

Rom +Z4,, (8)

Next, Z,r» is the EMI filter output impedance with input port open, which is
determined as

Zoe =2, (3) (2-36)

Com

Fig. 2.16 depicts a closed-loop impedance model with / without an EMI filter.
Additionally, simulation results validate Middlebrook output. In the next step, a
modified Norton current having an EMI filter must be evaluated. The relationship
between Norton current in conditions without/ with of EMI filter is obtained by (2-37)
(1],

2 (2:37)
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Fig. 2.16: Closed-loop input impedance model with/without EMI filter[J1].

where iy denotes Norton current neglecting the EMI filter, iem denotes Norton current
with EMI filter, and S is calculated by (2-37). The relationship between EMI filter input
current and Norton current is obtained by (2-38)[J1]
il(s) _ Zi,cnv (S) (2_38)
icnv (S) Zi,cnv (S) + ZoFo (S)

So, the relationship between the input and output currents related to an EMI filter is
obtained by (2-39)

iem (S) _ ZCDM (S)
W) Row Zo (5) (2-39)
2(Z,,, (s)+ ﬁ) +Zc, ()

where iem denoted final Norton current that is determined by substituting (2-38) and
(2-39) into (2-37)

ﬁ _ ZCDM (S) Zi,cnv (S) (2 40)
- Row-Z,, (3) Z, oy (5) + Zgo (S) )
2(Z,,, (s)+ m) +zc (s)

where f denotes the relationship between Norton current in conditions without/
with the EMI filter. In the end, the equivalent circuit model with an EMI filter,
depicted in Fig. 2.3, is available to investigate the EMI model [J1].

2.5. Differential EMI Filter Designing Procedure

Here, the process of designing an EMI filter is investigated. The main goal is to design
an appropriate filter that can limit the recommended EMI standard level. It should be
noted that an EMI filter's performance depends upon its passive components,
including capacitors and inductors[J1]. The general prototype of a single-stage EMI
filter is depicted in Fig. 2.15. So, the leakage inductance of a CM choke, i.e., Low, is
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commonly utilized to realize frequencies above 150 kHz that are recommended
frequency standards in the practical design of an EMI filter [72]. The CM choke
leakage inductance may not be sufficient to eliminate the noise emissions below 150
kHz. So, an extra DM inductor should be designed for DM filter to mitigate
frequencies below 150 kHz. Additionally, the filter design depends upon the filter
attenuation requirements, Attreq. This is obtained by investigating the detected QP
voltage (Umax) within the CISPR QP limits represented by (2-41)[J1]

A,_(1)[dB]=U,, (f)[dBV]-CISPR,,, (f)[dB]+Marginfds] ~ (2-41)

where Attreq denotes the noise value that must be damped by filters, Unax denotes the
highest value of the spectrum obtained from the suggested analytical model; CISPRjimit
is obtained from the standards [20— 22]. Furthermore, 6 dB margin is considered to
cover the component tolerances and parameter shifts caused by degradation. But, for
a 1-stage EMI filter size of inductor and capacitor is calculated by (2-42) [J1]

2L2DMCDM(j2”f)3+4LDM RDMCDM(jzﬂ-f)Z +Low (j27 ) + Ry, (2-42)
Rowm + LDM(jZHf)

AI ( fsweep) 2
= ATENH _Filter ( fsweep )

2.6. EMI receiver and LISN Modeling

Regarding CISPR 16 standard [11], LISN is put in between the power converter and
the grid (See Fig. 2.1) [J1]. LISN guarantees the measurement reproducibility, fixes
the impedance of the EMI receiver, and decouples the under-test equipment from the
grid. In addition, the EMI receiver is connected to LISN due to measurement noise
level. More details on EMI receiver and LISN are reported in [J1]. As already
explained, Norton noise current flows into the LISN, and then the EMI receiver is able
to get noise emission measurements as a voltage signal [C1]. Thus, the EMI receiver
and LISN model have to be integrated into the analytic models to estimate the EMI
noise level. Fig. 2.17.(b) depicts the transfer function between EMI receiver voltage
and LISN input current. It should be mentioned that the transfer function must be
integrated in analytical form into the proposed technique. Moreover, the relation
between the input current’s LISN and EMI receiver branch regarding the EMI filter
is expressed by (2-43) [J1]

[ —Ei 2-43
rec Dem (' )

where C and D are determined by (2-44) and (2-45), respectively.
C=LLCGC,s +RCG, (L, +L,)s° +C (L, +L,)s? (2-44)
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D=CC,(RL +L,L)s +CC, (LR +L,)s°

2-45
+(LC, +L,C, +L,C,+RR,C,C)s* +(RC, +R,C,)s +1 (2-45)
Here, icny is employed instead of iem in (2-43) for measuring the EMI level having no
EMI filter. Further, the voltage noise of an EMI receiver is represented by

Umeas = Riirec (2-46)

The bandwidth of an EMI receiver filter must be set to 200 Hz with regard to CISPR
16 standard for Band A. In addition, a fourth-order Butterworth filter is applied to
model this filter, and the EMI is defined by sweeping the RBW filter within the
frequency of Band A. By employing the EMI peak measurements [J1], the EMI
receiver model is obtained by (2-47) [C1, 28]

f :MB+ﬂ
2

U, [dBuV]=20l0g[l/ v > U

f-mg-EW
2

(f)-RBW(f)] (2-47)

meas

iem

L2 L1
PIL O L L —~—0
l 250H L 50uH Irec

c1 Converter +

Grid C3 c2 EMI filter
— 4“': 8u|: 250 nF e

R3 R2 R1

10Q 5Q 50Q) || 1KQ Umeas

(a)
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40 |
a
T 30
5 |Umeas(f)|
5 [iem(®]
© ]
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Fig. 2.17. LISN recommended by CISPR for Band A: a) per-phase circuit diagram,
b) per-phase DM mode transfer function [C1],[J1].
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2.7. Results

In this step, more simulation and experimental validation are presented to show the
accuracy and efficiency of the proposed techniques.

2.7.1. Boost PFC Case Study

A single-phase boost PFC converter having one stage DM EMI filter was considered
to validate the proposed modeling approach. In order to assess the effectiveness of the
proposed modeling technique, a traditional analytical technique explained in [J1] is
considered for a comparative analysis. The switching model runs in PLECS. The
employed sampling frequency for simulations and experimental results is set to 100
kHz. Notably, the boost inductor is sized for both case studies with frequencies of fsy
= 20 kHz, 25 kHz, and 40 kHz in a way to guarantee the CCM operation of the
converter. Two simulation cases are studied to verify PFC rectifier’s EMI
measurement of 9—-150 kHz within various switching frequencies. For assessing the
analytical time-frequency domain estimation, simulation results representing the
converter’s real switching model are obtained in PLECS. Thus, besides two case
studies with various switching frequencies, DM noise estimation is studied without/
with EMI filter impact. Fig. 2.18 depicts DM noise's comparative results for a single-
phase boost PFC working at fsw = 20 kHz and having no EMI filter [J1]. The results
obtained by the proposed analytical technique demonstrate an appropriate agreement
with experimental results; however, the conventional technique gets a reasonable
estimation only for the first peak. This implies that the traditional analytical technique
is effective for a filter design and not proper for the converter characterization within
the complete frequency ranges in between 9—150 kHz [J1]. The suggested analytical
model entirely matches the experimental ones, and, thus, the highest error value in the
frequency of 9-150 kHz is under the 1.8 dB, 1.25 dB, and 1.7 dB for case studies with
switching frequencies 20, 25, 40 kHz without EMI filter. Further details regarding
comparing the different methods can be founded on the [J1], [C1]. Even though the
conventional technique has a lower error for the first peak, which is sufficient for
designing an EMI filter, the error raises extremely after the first peak. Fig. 2.18 shows
that the estimated and measured levels of the noise breaches the standard limits of
CISPR 15. Thus, the EMI filter is devised by following and with regard to the
recommended standards, i.e., CISPR 15. Table 2-3 presents the parameters of a DM
filter computed for both frequencies. Fig. 2.19 shows the comparative results obtained
by the suggested approach when fsy, = 20 kHz. The designed EMI filter properly damps
the noise level under the standard limits. The suggested analytical model good
compatibility the experimental ones and, thus, the highest error value in the frequency
of 9-150 kHz is under the 1.8 dB and 1.7 dB for case studies with switching
frequencies 20, 40 kHz with EMI filter. The test setup for Boost PFC converter is
depicted in the Fig. 2.20.
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Table 2-3: Specifications of 1-stage EMI filter and 1-stages damping [J1].

fsw Com Rpwm Lom
20kHz 1.7pF 22Q 180pH
40kHz 13pF 22Q 180uH

EMI Measurement 9 kHz — 150kHz

140 = G epod
. o | e tiathoa
E 120 CISPR 15[QP Limit] n
£,100
=
T
S 80
-
60 :
K "
9|<H2104 100 150kHz

Frequency [HZz]

Fig. 2.18 : DM noise results for 1-phase boost PFC regarding fsw = 20 kHz without
EMI filter [J1].
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Fig. 2.19: The DM noise results for a 1-phase boost PFC with fsy = 20 kHz and
EMI filter [J1].
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Fig. 2.20:Test setup for the studied single-phase Boost PFC converter [C1].

2.7.2. VSI Case Study

In order to substantiate the performance of the proposed technique, a simulation
technique is detailed. As declared earlier, the suggested technique is based on the
equivalent circuit model, including the output admittance and a noise source.
Additionally, the suggested analytical noise source is verified by PLECS simulation.
It should be mentioned that the filter component sizes are obtained based on (2-3)-
(2-7). Table 2-4 presents the comparitive DM EMI results related noise for two cases,
including bipolar and unipolar grid-tied VSI by switching frequency of 20 kHz to
compare in Band A. It can be seen that the errors for all DM EMI estimations related
to noise are below 1.3 dB and 0.8 dB for single-phase bipolar and unipolar grid-tied
VSI, respectively. The suggested technique is employed for the EMI level estimations
related to all DM carier harmonics, particularly at the first carrier harmonics
remarkable in the EMI filter design.

2.8. Summary

In this Chapter, the analytical time-frequency modeling technique was proposed to
predict a low-frequency differential mode EMI noise. The suggested technique was
studied on single-phase PFC and VSI converters. Then, the effectiveness of the
proposed approach was evaluated via simulations and experiments under different
modes of operation. Furthermore, the effectiveness of this technique was compared to
the conventional simplified DM noise analytical technique. According to the obtained
results by simulations and experiments, the suggested and conventional approaches
would be effectively used in designing an EMI filter; because low-estimation errors
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Table 2-4: The obtained comparative results of DM noise for case neglecting EMI
filter (fsw=20 kHz)[C4].

(Bipolar) Frequency [kHZz]
Technique [dBuV] 20 40 60 80 100 120 140
kHz kHz kHz kHz kHz kHz kHz

Proposed 119.67 107.15 99.07 92.97 88.6 84.3 80.7
Simulated 119.26 107.55 99.85 92.92 87.6 83.2 79.6
Ep-s 0.4 04 077 005 1 1.1 13

(Unipolar) Frequency [kHz]
Technique [dBuV]/ 40 80 120 - - - -
kHz kHz kHz

Proposed 127.62 1143 1053 - - - -
Simulated 127.58 1135 1051 - - - -
Ers 0.04 0.8 0.2 - - - -

Ep.s: Error between proposed and simulation

were observed in the first peak level of the noise. A suitable EMI filter was designed
to make the converter comply with the selected standard. However, the proposed
method revealed an appropriate estimation accuracy for the entire frequency range of
9 - 150 kHz, suggesting it as an appropriate candidate for system-level study. Notably,
based on the studied power converters, it is viable to determine remarkable
characteristics for further reducing model order and far less model dependency on the
employed control parameters via the proposed modeling scheme [J1].
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Chapter 3. Low Frequency DM Noise
Modeling and Filter Design in Three-
Phase Converters

3.1. Introduction

Three-phase converters are equally important as single-phase converters and they
play a major role in generating emissions, especially for the new frequency range.
Moreover, three-phase power converters are more adopted in the industrial
environment. Similar to the previous chapter modeling of three-phase converters and
EMI filter design are discussed in this Chapter.

All previous efforts related to modeling and analysis of the EMI are based on
simulations and experiments due to the model's dependency on the design and high-
frequency behavior of the converter’s component. For instance, designing the EMI
filter for a 1-MHz, 10-kW 3-phase/level PWM rectifier was reported in [20].
According to the models proposed for the frequency up to 30 MHz, experimental
validation of the designed EMI filter was provided by measuring the impedance and
conducted emission (CE) taken from a 10-kW prototype. Viable routes for CM noise
in a three-phase PWM level rectifier were investigated in [20], where parasitic
capacitances with respect to the heat sink and earth were considered. In addition, in
[73], a 3-terminal CM EMI model was extended for an uninterruptible power supply
( UPS). Based on the reduced CM model, EMI production, emission, and mitigation
strategies of the full SiC UPS module were studied.

This Chapter focuses majorly on identifying the effective parameters to reduce the
model of EMI via the frequency behavior analysis of the three-phase grid-tied
converter. Moreover, the three-phase active rectifier and inverter are chosen to
validate the proposed method due to the commonly applied industrial PE. In addition,
the analytical model of DM EMI based on the closed-loop is extended to a system-
level EMI and proper design of EMI filters to meet the standard requirements [C3].

3.2. Three-Phase Grid-Connected Converter and Control
Schemes

3.2.1. Three-Phase Active Rectifier

Fig. 3.1 shows a general configuration of a three-phase active rectifier based on the
SPWM modulation, including LISN, L, LC filter, and EMI receiver [C3]. In addition,
the inductor and capacitor of an LC filter calculated by the (2-3) and (2-5),
respectively. In order to get an enhanced performance of the active rectifier, an
external control loop should be included in the control scheme. This external control
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loop operates as an internal current controller; however, the external loop is based
on voltage control. Thus, the external voltage control loop can regulate the DC-link
voltage by providing an appropriate reference current for the current controller [57].

3.2.2. Three-Phase VSI

A general structure of a three-phase VSI with an LCL filter type constituting of a
LISN, an EMI receiver, and an EMI filter was depicted in Fig. 3.2. AC filter
component design is presented comprehensively in Chapter 2. Inverter-side inductor
size and grid-side inductor size were calculated by (2-3) and (2-6), respectively. In
addition, the capacitor size is achieved by (2-5).

Active Rectifier idc iload

LC Filter E} H} i i
icny ﬁ?_ - Ef_l '|J a J J
R =
T TH——" b
—

Cdr‘:’—ilUdc G Load

Cc C C
g g%
%%_.
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-~ 113
EMI filter
|
.
o
|
|
|
|
Ly 8
y —.
O
o

a1 |

receiver

Ug,abc-» ab

ig,abc-bab .
P ldg 0| dq_»Ug'dq

6> “dq
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+ -
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Fig. 3.1: Block diagram of a typical three-phase grid-connected active rectifier
with L/LC filter configuration including EMI testing structure comprising of LISN
and EMI receiver[C3].
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Fig. 3.2: Typical structure of three-phase VSI with LCL filter type including LISN,
EMI receiver and EMI filter[C4].

3.3. Proposed Time-Frequency Domain EMI Model

Fig. 3.1 shows the general structure of the three-phase active rectifier. In order to
obtain the equivalent model of the circuit, a typical converter is modeled considering
its DM noise source and the closed-loop impedance, depicted in Fig. 3.3. Thus, this
Chapter details DM EMI's model regarding an input closed-loop admittance and a
noise source by applying the double Fourier analysis [C3]. Notably, this section's main
purpose is to achieve the converters' equivalent circuit model shown in Fig. 3.11 to
provide the analysis and the related frequency behavior.

3.3.1. DM EMI Noise Source Model

The first step to get an equivalent circuit model is modeling the emission noise. Hence,
in this subsection, the DM noise source model is presented for the three-phase rectifier
and inverter by employing the double Fourier analysis. On the other hand, the
frequency behavior of the noise emission and its modeling are presented.
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3.3.1.1 Three-Phase Active Rectifier

The fundamental idea behind the suggested time-domain frequency-domain technique
is established based on the converter’s developed equivalent circuit model for the
converter (See Fig. 3.3). Thus, developing the suggested technique, the noise source
and the related close-loop impedance need to be modeled. To this end, power
switches” common points can be differentiated from the noise source frequency
behavior. So, Fig. 3.4 shows the obtained simulation waveform of us in PLECS. Thus,
the noise source frequency behavior is computed by applying a double Fourier
technique over us waveform. Therefore, the frequency-domain noise spectrum
function as a model of source noise needs to be included. Detailed explanations on the

LISN

: Ls R !
: - -—D—IL@——W

EMI J

receiver

L

Fig. 3.3: Conducted equivalent circuit of noise in a three-phase PWM rectifier
system comprising of EMI receiver and LISN[C3].

Voltage[V]

0.26 0.27 0.28 0.29

Time [s]

Fig. 3.4: Simulation result of DM voltage waveform (us) of the three-phase active
rectifier system operating at P, = 9 kW carried out in PLECS[C3]
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function in frequency-domain were reported in [C3]. A general function of frequency-
domain related to the noise source model, including the baseband spectrum, carrier
group spectrum, dc offset value, and side-band spectrum, is represented (2-10).
Ultimately, the switching noise function in frequency-domain considering the double
Fourier analysis is expressed as [C3]

MU, .
ug = Td“sm Ot +...

31

., Nz
sin Tsm2 ?cos(mwswt +Nagt) +...

Wy 5 43,(M72) g
3 m
4 mr . ,Nmw .
= €0s ——sin® —sin(ma,,t + najt)
3 2 3

M denotes the modulation index as M=2Uy/Uq. So, the frequency-domain function
includes side-bands related to carrier components (m =1, 2...) and base-bands related
to the first carrier component (n=1) [C3]. So, Uq. is denoted by the dc voltage output.
Fig. 3.5(a) illustrates the noise source frequency behavior model via (3-1)and
simulations carried out in PLECS. As seen in Fig. 3.5, the simulation model verified
the noise source model of DM analytically with regard to (3-5). Furthermore, to get a
clarified comparison by the proposed method in simulations, Fig. 3.5 (b) is illustrated
in the zoomed-in parts of Fig. 3.5(a) [C3]. Regarding Fig. 3.5, it should be mentioned
that the noise source of DM is modeled as a Thevenin equivalent circuit voltage.

3.3.1.2 Three-Phase VSI

Fig. 3.2 depicts the three-phase grid-tied VSI configuration. To obtain its simplified
noise source model, voltage points a, b, and c is defined as the voltage noise source.
Applying a double Fourier over the noise source voltage, the frequency-domain
switching function of the noise source is obtained by (3-2)[C3]

< < J,(MM7z/2)
u :%sin%wﬁ > ﬂ74sinm—zﬁsinz%[cos(mcoswt+na)gt)+...(3.2)
m

7T m=135,.n=+2,14,.. 3

. . 4l )
2u, D :Acosn;”sinzrzrsin(mwswunwgt)

The modulation index is represented as M =2Uga/Uqc. The three-phase VSI operation
is assumed symmetrical in this thesis. Thus, Fig. 3.6 depicts an analytical approach
and simulation for the three-phase grid-tied VSI noise. Additionally, the proposed
method has a high accuracy due to the application of a double Fourier.
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Fig. 3.5: Comparative results of the noise source frequency spectrum regarding the
proposed analytical approach and simulation result in PLECS, a) frequency-range
of 9-150 kHz, b) frequency-range within 40 kHz[C3].

3.3.2. Closed Loop Input/output admittance

The second step to get an equivalent circuit model is modeling the admittance or
impedance model, as shown in Fig. 3.3. Thus, based on the converter type, the input
and output admittance are modeled in this subsection.

3.3.2.1 Input Admittance of Three-Phase Active Rectifier
Fig. 3.7 depicts the single-phase LCL-filtered rectifier, including grid current-control
and mean switching model of the three-phase grid-connected converter. Fig. 3.8

depicts the equivalent behavior of a single-phase input admittance, including
magnitude and phase for three-phase rectifiers, comprising of boost inductor, Ly, (3-3)
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Fig. 3.6: Comparative results of the noise source frequency spectrum for a three-
phase VSI in with regard to (3-2) proposed analytical model, and simulation results
in PLECS[C4].

and simulations carried out in PLECS. With regard to the validated model, it is
obvious in Fig. 3-6 that the suggested model of an input impedance considering (3-3)
within 9-150 kHz is verified by simulations.
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(b)
Fig. 3.7: Single-phase LC-filtered three phase rectifier including grid current
control including grid current control (b) average switching model of the rectifier
[C3].
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Fig. 3.8: Input single-phase admittance magnitude and phase behavior for three-
phase active rectifier including L as boost inductor regarding (3-3) and simulation
results from PLECS (i.e., switching model) [C3].

Yc(s) =l:i " N (3-3)

ally=0 1, Uzdc G,G,Y,,

where Gq and G are obtained from the(2-26), Y, and Yy can be calculated by (3-4) and
(3-5) for the boost inductor L; .

Yo(s):__lg :i (3-4)
u, U, =0 L;s

g S
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v, ()=t o1 (35)
M u U, =0 L,s
Further, Y, and Ywu can be calculated by (3-6) and (3-7) for the L Cs case studies.
—i L,C,s*+1
u, U, =0 L,s
i 1
W= 0TS

As seen in Fig. 3.8, it is found that the closed-loop admittance is matched with
inductor admittance. So, it is an excellent estimation to use it in the system-level EMI
analysis. It should be noted that many converters are connected to the same point. For
more analysis and obtaining the characteristics of the influencing parameters on the
closed-loop model, the effects of sampling the admittance should be analyzed via
investigating Gq. Hence, Fig. 3.9 shows the analysis of the sampling effects on the
input admittance based on the (2-26). As it is clear from Fig. 3.9, the sampling effects
are not significant on the input admittance above 150 kHz. Fig. 3.10 shows the load
changing effect on the EMI simulation for L filter configuration [C3]. Notably, load
changing does not affect the EMI simulation result.

3.3.2.2 Output Admittance of Three-Phase Voltage Source Inverter
The three-phase inverter is modeled similarly to the single-phase counterpart
described in Chapter 2 by assuming the symmetrical operation. On the other hand,

(2-29) can present the output admittance of the three-phase grid-connected inverter.

3.3.3. Norton current model

The main purpose of this subsection is to present the Norton current as shown in the
Fig. 3.11.
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Fig. 3.9: Analysis of the sampling effects on the input admittance based on the
(2-26) with fsw is 20 kHz.
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Fig. 3.10: Analysis of the load changing on the EMI simulation in the case of L
with fsw = 20 kHz.

3.3.3.1 Norton Model of Three-Phase Active Rectifier

The noise source model is updated via a voltage division rule obtained in the case study
of Lt Cs. Thus, Norton current is obtained by (3-8) [C3]

ZCf

ZCf + ZL,

icnv (S) = usYC' (3'8)
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Moreover, it can be found for the L case study by
icnv (S) = usYC (3_9)
3.3.3.2 Norton Model of Three-Phase VSI

The three-phase inverter is modeled similar to its single-phase counterpart described
in Chapter 2 in subsection 2.3.3.2.

3.3.4. Three-phase LISN Modeling

In this subsection, the relationship between the noise current and EMI receiver should
be modeled. Hence, the relationship between LISN input current and EMI receiver
measurement branch can be presented as (3-10)

1
(Lzs||a+ R,)+Ls
2

.i“ec ) (3-10)
Iy (S) (Lzs||C128+ R,)+Ls+ (Clls+ R)
Also, the receiver voltage noise of EMI depicted in Fig. 3.11 is computed as
U oo (8) = Ry (3-11)

By applying the EMI peak detection, it can be obtained by (2-47). Based on the CISPR-
16 standard, the filter bandwidth related to the EMI receiver needs to be set to 200 Hz
for Band A and 9 kHz for Band B [24], [C3].

!.g L2 L1 ichv : I |

0 L L | I

| 250pH ‘ 50uH }':ec ol !

1C3 c2 cl N |

Grid [4KF BuF 250 nF I IY (f)i |
| R3 R2 R1 I hemA L/ env="s Y pv

I

: 109 50 50 Q|1 KQ Umeasl : I

I

PE o: : : [

- s L Equivalent Circuit _ _ |

Fig. 3.11: Single-phase Norton equivalent circuit in a three-phase grid-connected
converter with out EMI filter considering LISN [C3].
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3.3.5. Inclusion of EMI Filter into the Model

The structure of the two-stage EMI filter is shown in Fig. 3.12. Filter required
attenuation is achieved based on (2-41). Further, the component size, including the
inductor and capacitor, is calculated by the (3-12) [15]

A ) = Ay o, = (1271 Ly Cony +17 + (127 1) Loy, Cony [} (3-12)

Damping resistor is calculated as [74]

R, = Lowm .1+n. (2+n)(4+3n) (3-13)

Com N \2@+n)(4+n)
where n denotes the number of the filter stages where the equivalent circuit model
should be updated by the EMI filter's effects because it is part of the converter [C3].

The Middlebrook extra element theory updates the equivalent circuit model, including
the admittance and Norton current [71]. Hence

Y,

i,cnv

1+ y
Yi(s) =Y —= (3-14)
Y

oFo
where Yie is EMI filter input admittance. Input admittance of the two-stages EMI filter
can be determined from

Damping Stage

. Lom 1 Lom i Lom
o T >0
Grid | | I ' Converter
%i— Com=—= RDM CDM =:} N
VEeY | | :1 €Yo
fo—_—m—mm —— L o
Stage Two Stage One

Fig. 3.12: Single-phase representation of DM EMI filter configuration with two
filtering stages and one damping stage[C4].
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Closed Loop Input Admittance
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Fig. 3.13: Closed Loop input admittance for three-phase rectifier with two-stage
EMI filter based on (3-14) and simulation validation by the PLECS simulation.

YL YR
Yie ()= ((Ye,, +Y, +—£%7W%w+ﬂw) (3-15)
R

DM YLDM
Yoro IS defined as

Yoro (8) = ((YL, +ch )
Also, Yore is defined by the (3-17),

Y )+, (3-16)

Ve, ()= (Y, +Ye )Y )+Ye, (3-17)

Fig. 3.13 shows the closed-loop input admittance with a two-stage EMI filter based
on (3-14) and simulation validation by the PLECS simulation. Moreover, in the next
step, the Norton current is updated by the EMI filter’s effects. Hence, the relationship
between Norton current with and without of EMI filter is obtained from (2-37). The
relation between input EMI filter current and Norton current can be calculated from
(3-18) [J1]
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il(s) — YoFo
(S) YoFo +Yi,cnv
The relation between input and output current of the EMI filter can be calculated by
(3-19) , and finally, the B is calculated by the (3-21) [J1]
iem (S) — YLDM Yl (3_19)
L(s) (2v; +YCDM )(Y, Lo +YCDM ) —YLDM Y,

(3-18)

ICﬂV

Y (s)= (RDM +YLDM ) ‘YLDM (3-20)
-iem (S) — ﬂ — ( YLDM Yl ) YoFo (3-21)
oy (S) (2Y1 +YCDM )(YLDM +YCDM ) _YLD,\,I Yl YoFo +Yc,inv

3.4. Results

In order to investigate the proposed analytical approach, a three-phase AC/DC grid-
connected converter depicted in Fig. 3.1 is designed and the related parameters are
provided in Table 3-1. Two case studies are considered for active rectifier to validate
the proposed modeling approach, including effect of different input filters. To verify
the proposed analytical technique, simulations have been run in PLECS. Here, the
obtained models are coalesced to get the EMI results that are highly important for
designing the EMI filter [C3].

Table 3-1: Case Study Specification with Including Two Different Cases[C3].

Cdc Udc Ug fsw Po
case [LF] [V] [V] [kHz] [KW]
studies 500 700 230 20 9
L+ Ripple current -- -- --
L [mH] %
2 15 -- -- --
L+ Ripple current Cs Ratio of the
LC [mH] % [UF] reactive power
%

2 15 5 3
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So, Fig. 3.14 illustrates the analytical model obtained regarding (3-11) and
(2-47) model of simulations based on the obtained results in PLECS for peak
detection EMI (Band A) having a just (Ls). The analytical model appropriately
matches the model of switching simulations. The obtained is less than 1.2 dB
(detailed in Table 3-2 and Fig. 3.14). It is demonstrated that the suggested
technique can simply determine DM noises within 9-150 kHz with high accuracy
by employing a double Fourier analysis. Then, Fig. 3.15 illustrates the
effectiveness of the suggested technique and model of simulations with an input
filter LsCr. The resulting error for L;Cs case study appeared for all noise estimations
related to DM s less than 1.2 dB[C3].

EMI Simulation 9 kHz- 150 kHz
140 co=e Probosed Method
— Simulation
120 | d
CISPR 15[QP Limit]

100 |

4
10

D
o

Level in[dB uV]
(0]
o

N
o

N
o

L f
10° 150 kHz
Frequency [Hz]

Fig. 3.14: The DM noise results for the three-phase active rectifier, including L as
boost inductor with fsy = 20 kHz, based on the suggested analytical model (3-9) and
(2-47) and PLECS [C3].
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50
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40
20

bf
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Fig. 3.15: The DM noise results for a three-phase active rectifier by including L:Cs

filter with fsw = 20 kHz based on the suggested analytical model (2-47) and (3-8),
and PLECS[C3].
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It is demonstrated that the suggested technique is able to simply estimate DM noises
within the frequency range of 9—150 kHz with higher accuracy. As depicted in Fig.
3.15and Fig. 3.14, the EMI level is higher than the standard limits of EMI [C3]. So,
the EMI filter should meet the standard requirements. Next, a simulation approach is
presented to verify the proposed analytical method for three-phase VSI . As mentioned
earlier, the proposed method is based on the equivalent circuit model comprising an
output admittance and a noise source. Thus, the output admittance can be confirmed
by applying several sinusoidal perturbations and, then checking the resulting impacts
on the considered variables. Next, a Fourier analysis is employed to get the amplitude
and phase related to the frequency of the sinusoidal perturbations.

Moreover, the proposed analytical noise source is verified via simulation results
depicted in Fig. 3.2. In order to confirm the proposed modeling approach efficiency,
a three-phase grid-tied inverter having an L¢CsLq filter is considered.

provides the applied system specifications. To verify the efficacy of the suggested
approach, a simulation model was carried out in PLECS. Therefore, Fig. 3.16 depicts
DM EMI for a three-phase grid-tied VSI. As seen from Fig. 3.16, the forecasted EMI
noise levels from the proposed modeling approach are in good agreement with the
simulation results, and the resulting error is below 1 dB at different modes[C4].
Obviously, based on the [C4], the resulting errors for all DM EMI noise estimations
are less than 1 dB for three-phase grid-tied VSI, respectively. The proposed method
can be utilized to estimate the EMI level for all DM carrier harmonics, particularly at
the first carrier harmonics, which is important in the EMI filter designing.

Table 3-2: Obtained Comparative Results for DM Noise in Rectifier Case Study (Ls)
Carried Out At 20kHz Switching Frequency[C3].

Method[dBpV] 20 40 60 80 100 120 140
[Frequency [kHz] [kHz] [kHz] [kHz] [kHZz] [kHz] [kHZ]
Proposed 125.2 1299 1201 1175 1111 1117 109.8
analytical model
Simulation 125.1 125.7 120 116.4 1109 1106 109.7

Error 0.1 0.2 0.1 1.1 1.2 1.1 0.2
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Table 3-3: Three-phase Inverter Specification Required for EMI Analysis[C4].

3- 3-
Symbol Parameter ph Symbol Parameter ph
Grid phase voltage DC link capacitor 2
Ug V) 230 Cuc (MF)
. 700
g Grid frequency (Hz) 50 U Output voltage (v)
f Switching Frequency 20 P, Output power (kW) 9
(kHz)
c Reactive capacitor 8 L Converter side 25
f (HF) f inductor (mH)
2 Voltage ripple factor 5 : Grid side inductor 250
(%) g (uH)
e Lt Current r(:)zp))le factor 30 Rec Damping resistor (£2) 8
n Harmonic factor 0.3 Ao Reactive power (%) 5

In the end, for the EMI experiments to investigate the suggested technique, a three-
3.17 is designed. Finally,
experimental measurements related to EMI are carried out through A Keysight
N9010A spectrum analyzer and ESH2-Z5 LISN backed by CISPR measurement
requirements. Fig. 3.18 illustrates the comparative results of DM noise obtained for
a three-phase converter operating at fsw = 20 kHz without considering the EMI filter.
The results obtained demonstrate an acceptable agreement between the proposed
analytical technique and experiments [C3].

phase grid-connected converter, depicted in Fig.
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150 EMI Simulation 9 kHz- 150 kHz
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© Analytical |
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Level in[dB uV]
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o

,f
104 Frequency [Hz] 10° 150 kHz

Fig. 3.16: Obtained DM noise for a three-phase grid-tied inverter comprising of
LCL filter with a frequency of fs = 20 kHz based on the suggested analytical model
(2-47) and (3-9) and simulations in PLECS[C4].

" Sensors

=2 /4
74 Converter
module

Fig. 3.17: A picture of the three-phase power converter experimental prototype
[C3].

58



CHAPTER 3. LOW FREQUENCY DM NOISE MODELING AND FILTER DESIGN IN THREE-PHASE CONVERTERS

150

EMI Simulation 9 kHz- 150 kHz
== Proposed Method

—— Simulation
----- Experimental

CISPR 15[QP Limit]

100

50

Level in[dB pV]

10 105 150 kHz
Frequency [Hz]

Fig. 3.18: Obtained DM noise for the three-phase converter, including LC filter
with s = 20 kHz based on the proposed analytical model (2-47) and (3-8) and
including PLECS simulation and experimental results.(Ls = 1.8 (mH), Ct = 150 (nF),
Uga= 25 (V), Ugc = 125 (V), P, = 40 (W), Cy4c =1000) [C3].

3.5. Summary

In this Chapter, an analytical time-frequency modeling technique was proposed to
predict various modes of conducted EMI noise in three-phase grid-connected power
converters. For this purpose, typical three-phase active rectifier and voltage source
inverter topologies were considered and modeled. The proposed analytical approach
demonstrated an acceptable estimation accuracy with a maximum resulting error
below 1.2 dB. Moreover, the frequency behavior of the inverter output admittance and
rectifier input admittance revealed the effective parameters to employ in the system-
level studies and EMI filter design. Thus, the proposed technique obtained high
accuracy in DM EMI noise analysis considering a simplified model and decreased
computation time [C3]. The performance of the suggested technique was verified via
simulations and experiments on a three-phase converter. Notably, the EMI filter to
meet standard requirements is more capable and effective.
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Chapter 4. Low Frequency Differential
EMI Modeling For Multi-Converter
Systems

4.1. Introduction

The multi-converter configuration has many applications to provide some advantages,
for example, in PFC converters in synchronized scenarios. Notably, they are not
synchronized in many cases[42], [75], for instance, PV applications. Hence, in this
thesis, to study the pros and cons of synchronized or unsynchronized scenarios on the
new frequency range of 9 — 150 kHz, two applications are considered.

As discussed in chapter 2, boost PFC configurations are developed to reach an
enhanced power factor very close to one (unity) in order to comply with harmonic
standards as well as power factor requirements. Moreover, in order to improve the
performance of PFC converters from power rating, overall design volume, input ripple
current, interleaving is typically applied. By employing an interleaved topology,
depicted in Fig. 4.1, a remarkable decrease in switching frequency ripples can be
obtained [41], [61], [76]. Following the objective of the Ph.D. thesis, the analytical
EMI modeling is conducted considering the effect of phase shift in the analytical
equation. Furthermore, EMI filter design in order to damp emissions below 150 kHz
is performed as well.

Interleaving power converters can effectively reduce input current ripples leading
to reduced noise magnitude of DM EMI as well as the filter attenuation requirements
[41]. The effect of phase shift for above 150 kHz frequency range on the filter size
and the generated emission have been well studied before [77]. However, considering
the new coming requirement for below 150 kHz frequency range there is a lack of
understanding regarding the effect of interleaving approach and applied phase-shift
on the DM filter size and generate emission.

From an EMI point of view, obtaining proper phase-shift angles is highly important
for optimum filter volume [76, 77]. Thus, the optimum design of DM EMI filters for
applications of the boost PFC is a critical issue, in particular within the low-frequency
range of EMI, 2-150 kHz. This thesis aims at proposing the estimation of a proper
analytical-based DM EMI noise as well as suitable EMI filter design. Further, the
analytical noise approach includes the number of interleaved units as well as the
corresponding various phase-shift types. Therefore, the unconventional phase-shift is
obtained on the basis of estimating the EMI for harmonics in Band-B.
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Fig. 4.1: Block-diagram of a so-called interleaved boost PFC converter
considering EMI receiver, LISN, and EMI filter [J2].

Considering the new paradigm to shift to more renewable energies PV converters
are going to be penetrated more and more. To achieve more power, the many PVs
units connected to the same point. But, there are not unsynchronized due to the factory
switching tolerance. Further, the importance of studying their effect on EMI in the <
150 kHz that it was the intention of this chapter. In recent years, many authors have
interested in parallel operation for delivering high amount of power to the load
center/point satisfying power quality (PQ) levels, e.g., minimum total harmonic
distortion (THD) regarding the specified power grid requirements [33]. Additionally,
the parallel operation of various PE converters within similar power switching
frequencies has led to unprecedented emissions within high frequencies, including a
beating frequency and EMI under 150 kHz. Even though numerous investigations
have previously reported measuring/supervising the interference issues, there exists
no basic perceptions of the noise emissions and related suppressing techniques within
2-150 kHz. Thus, it is mandatory to develop a systematic technique in order to model
multi-parallel converters and investigate possible interactions, such as their frequency
behavior and the interaction with power grids. The interaction among different
devices becomes of great importance when numerous PE inverters are connected to a
similar point, including lighting installations, computer centers, etc. Moreover, the
situation is far complicated because of small variations in switching frequency if the
devices are provided by an individual manufacturer and type [42], [75]. So, factory
tolerances related to switching frequency for the same PE converter may result in
beating in the parallel operation. This research purpose is to suggest the aggregated
models developed to demonstrate high-frequency behavior as well as the interactions
made between PE converters and the power grid impedance and/or LISN impedance.
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At the end, various topologies related to the EMI filter are suggested for the interaction
current circulating around the power grid as well as different units.

4.2. DM EMI analytical approach For Interleaved Units
4.2.1. Analytical Approach Model

In order to estimate DM EMI noise generated from interleaved PFC converter, here
the proposed analytical EMI modeling approach in Chapter 2 is updated considering
the effect of phase-shift (6). Notably, the equivalent closed loop impedance
calculation is modified as well by considering the total parallel input impedance of
interleaved converters. More details with regard to modeling of DM noise, input
impedance, as well as the resulting frequency behavior were studied in [J2] for a non-
interleaved boost PFC. And, the DM noise spectrum related to each switch is provided
by (2-18), including a DC-offset value, carrier group harmonics, baseband harmonics,
and sideband harmonics. In addition, it should be stated that the carrier harmonics
would be refreshed by phase-shift impacts as (4-1)

8uU Wy J (m;z-M)

e"”" Z (4-1)

k odd

Ano + ijo -

At the end, side-band harmonics are achieved by phase-shift impacts in interleaved
units provided as (4-2) [J2]

k+n
(sm(—) ) (sm(—) )
Am+ijn_2U"C eJm"ZJ (mazM)(j* ) i ) (4-2)
ﬂ'

k—n k+n

where 0 denotes the phase-shift of an interleaved unit chosen by the phase selection
techniques. For example, with 2 interleaved units, the phase-shift of the first and
second units are equal to zero and 6, respectively. The topology of a simple studied
case regarding Norton equivalent circuit is depicted in Fig. 4.2. The current flowing
through N units is obtained from (4-3) [J2]

(4-3)

L(5)= Z '~1)6)

=1 Zm(n)

where (n'-1) @ is the phase-shift related to unit # n'. And, the input impedance related
to a PFC converter is achieved by (2-21) [J2]. As the switching function related to a
diode rectifier is in the form of a square wave signal, the Fourier transform is achieved
via (4-4)
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Fig. 4.2: Norton equivalent circuit diagram of interleaved boost PFC converter
[J2].
i ()= 2 iSin(h'—”)cos(a)oht) (4-4)
ne hz 2
h=odd

where h denotes the order of harmonics. Thus, the input current related to LISN is
achieved by

ien, (8) =1a (5)iL (8) (4-5)

As the final step, the relation between EMI receiver voltage and LISN input current
must be considered. Therefore, the relation between EMI receiver branch and the input
current LISN regarding the EMI filter is obtained by (2-43). Furthermore, the voltage
noise of an EMI receiver can be represented by (2-46) where comparative studies are
performed which shows high accuracy of the proposed modeling technique[J1].

4.2.2. Two-Stage DM EMI Filter Design

An EMI filter is usually utilized to protect the utility against probable high-frequency
noises. For this purpose, they need to comply with the given EMI standard
requirements. Thus, a symmetrical design for a two-stage filter, illustrated in Fig. 4.3,
is considered. Selecting filter components depends on the filter's given attenuation
requirements, Attreq, computed by (4-7) [J2]. Hence, Attq for a symmetric 2-stage
EMI filter, regarding the size of inductor and capacitor is obtained by (4-6):

Attreq( f)= ‘((jZ”f )2'(2LDM )Cou +1)2 + (2”f)2-(2LDM )Cou ‘ (4-6)

As mentioned previously, the reduction of input current ripples leads to a reduced
noise magnitude of a DM EMI (Umax ) which can be calculated from the (2-48) and
Fig. 4.1, and consequently to smaller EMI filter size with higher corner frequency
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requirement. One of the main objectives of this thesis is to investigate possibility of
obtaining optimum corner frequency through interleaving converters applying
suitable phase-shift for frequency range of below 150 kHz.

4.2.3. Suitable Phase-Shift Selection

In order to investigate effect of suitable phase-shift following analysis are performed.
More analysis and investigation have been done in [C2] regarding the filter’s
attenuation requirements and filter corner frequency for 1-unit non-interleaved and 2-
unit and 3-unit with a conventional phase-shift as shown in Fig. 4.4. Therefore, the
interleaving technique has no superiority at specific switching frequencies like
75-150 kHz for 2-unit interleaved compared to 1-unit interleaved in Band-B. So,
carrier frequency harmonics' behavior is necessarily observed to obtain the optimum
phase-shift in a given frequency. Importantly, the analysis-based EMI approach is
forecasted on the noise level of an EMI for all orders of carrier frequency harmonics
according to the chosen phase-angle. Hence, an optimum phase-shift may be chosen
regarding the behavior of the first appeared carrier harmonics for various phases in
Band-B. As a result, it gives an optimum phase-shift obtained by an analytical
approach in order to get a lower attenuation requirement of filter on the basis of
switching frequency as well as the number of the interleaved units.

Moreover, the first carrier harmonics are removed by an appropriate phase-shift
selection technique. By eliminating the first peak of noise, that is critical in designing
an EMI filter in Band-B, the filter design frequency changes (shifts) to a higher
frequency. Thus (4-8) expressing unconventional phase-shift formulations are
achieved from Table 4-1 by evaluation of the relationship between N, k, and 0 [J2].

~ 360°

6 if kisnotamultipleof N (4-7)

360°

= if kisamultipleof N 4-8
min { factor(N).k} P “8)

where k is the harmonics- order related to switching frequency, which is the first
peak of a noise in Band-B.

Second Stage Damping Stage  First Stage

Lbwm Lbm Lbm
o . R
Grid l-:|-| Converter
rl Covm== Rbwm Com== 3
«— |-|:I-|
o L L o

Lbm Lbm Lbm

Fig. 4.3: A symmetric topology of a 2-stage DM EMI filter [J2].
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Fig. 4.4: The relationship between a corner frequency and switching frequency (up
to four units interleaved). The conventional phase shift is considered based on the
4-7) [32].

Table 4-1: The optimum phase-shift angles within the frequency range (20-150
kHz) up to 4 interleaved units [J2].

Number of interleaved units (N) and

Frequency Harm. order optimum phase-shift
(kHz) (k): 2 3 4

20 gh 22.5° 120° 22.5°
25 6t 30° 20° 90°
30 5t 180° 120° 90°
35 5t 180° 120° 90°

375 4t 45° 120° 45°
45 4t 45° 120° 45°
50 3rd 180° 40° 90°
70 3rd 180° 40° 90°
75 2nd 90° 120° 90°
140 2nd 90° 120° 90°
150 1 180° 120° 90°

4.2.4. Filter Volume Optimization

Using the filter sizing equations and the proposed analytical modeling the
optimization can be done relatively easy in an automated way. Here, the main goal of
this section is optimizing the size of an EMI filter with regard to the selected phase-
shift. An EMI filter volume is computed on the basis of [62], [78, 79] in order to
investigate the effectiveness of the suggested technique. Ultimately, Fig. 4.5
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illustrates a flowchart providing the design steps for the optimum size of a filter on
the basis of the analytical-based EMI noise approach. The flowchart is majorly
utilized to compute the components of an EMI filter only with few equations regarding
appropriate phase shifts. As mentioned earlier, the symmetrical 2-stage EMI filter,
illustrated in Fig. 4.3, was considered for studies in this research work. So, the volume
size of the capacitor related to an EMI filter is achieved from (4-9) [J2]

V. =ke,ConU2 + ke, (4-9)

DM ~g

Where, V. is capacitor volume size, ug is peak value, the factor kci is the
proportionality of a capacitance to the energy storage; and ke is a voltage-dependent
factor. In addition, the inductor value is achieved via (4-10) [J2]

I (4-10)

2
| L3lg

VL = kLlLDM gt kLZLDM +k
V_ is capacitor volume size, | is average value, ki1 denotes a fixed factor representing
the ratio of the energy storage, EL=1/2-Lpwm-1¢?, to the size of an inductor. These factors
may be obtained similarly to ki1, ki, and ks through the provided data by the
manufacturer via the use of Magnetics toroid cores, presented in [J2]. Thus, the totally,

the size of a 2-stage symmetric EMI filter is obtained by (4-11)
Vi =2(n; +1V, +n,V, — min (4-11)

where Vit is EMI filter volume, n; denotes the counts of filter stages. By solving(4-9)
—(4-10) and (4-6), one can obtain an optimized component parameters of the filter for
a specified counts of filter stages, n:. In order to reduce the computational analysis,
relation (4-6) is simplified for 2-stage filter of an EMI as

Att_(f)=(j2rf ) .(2Lo )" Cop™ (4-12)

At the end, components of an EMI filter are computed by:

Dk, 12 +k,) A
o _ \/(nf+ )k 1 +ki,)- At (413

2n, ke, Uz (27 f)?

DM

~ \/ N, ke, u? 2/ At (4-14)

SN2 +1).(ky 12 +k )27 )

The components of an EMI filter can be computed only with few equations
regarding appropriate phase shifts. Moreover, two cases are provided with various
phase-shifts, such as conventional case, 1800, and unconventional case, 450, selected
from Table 4-1 according to fsw = 37.5 kHz for 2-unit interleaved. And, Table 4-2
gives the obtained results of the two cases that include the attenuation requirements
and corner frequency [J2]. The phase-shift of ‘45°" is required to get a reduced filter
attenuation in Band-B, and a phase-shift of ‘180° requires a larger filter attenuation.
As given Table 4-2 in the unconventional/conventional phase-shifts have numerous

66



CHAPTER 4. LOW FREQUENCY DIFFERENTIAL EMI MODELING FOR MULTI-CONVERTER SYSTEMS

advantages, including the reduced size of EMI filter in Band-B and Band-A,
respectively [J2].

fow N Typeof Band
T o __
t '_ i _—e, ] —_——— e ——
Y Y ¥
I Select the primary phase shift | Select the unconventional
L 8=0, 0<B<Tm || phase shift from (4-7) — (4-8)

|

I Estimated noise source

| Inductor size(L) model by (4-1)- (4-2)
L :_ _ * +(u$, N,8)
I 6= 0+1 Estimated noise current by (4-5)
| 0<@<m

- — ——
| + (icnv)

Apply EMI recivier and LISN effect by
(2-43) — (2-47)

‘(Umax,fD)

Calculated filter required attenuation

by (2-41)
L________No /Miﬂ\>
. Attre
Volumetric component  \ 7
parmeter Yes
(Attreq, D)

Calculated optimal filter component
size by (4-13) — (4-14)

\

(Lbm,Cbm) optimal

Fig. 4.5: Flowchart of an optimum boxed-volume related to DM EMI filter [J2].

Table 4-2: EMI Filter Design in Band-A and B on the basis of Simulations Carried
Out in PLECS for Standard Case (180°) and Unconventional Phase-Shift (45°) [J2].

Type of  Phase Looost — AiL fo Attreq Lom Com Vi
the Band  shift [mH] [%] [kHZz] [dB] [uH] [nF] [cm?]

B 180° 150 41.5 40 150 415
45° 4.3 22 1875 30.4 23 90 34.86
A 180° 75 39.77 75 293 544

45° 37.5 21.6 90 350 59.7
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Table 4-3: Detailed Specifications for experimental Case Studies [J2].

Symbol Definition Value Unit
Ug Grid side’s voltage 230 Vrms
fy Grid side’s frequency 50 Hz
L Boost inductor 2 mH
fow Switching frequency 20 kHz

Cac Output capacitor 500 pF
Udc Output voltage 400 \%
Po Power 2 kw

AVde,max Ripple output voltage 20 \Y/

Aiimax  Ripple of inductor current 20 %
0 Phase shift 0,90,180 degree (°)

4.2.5. Results for Interleaved Units

In order to validate the simulation results, a 2-unit interleaved boost PFC rectifier
operating in CCM is regarded as an experimental case, shown in Fig. 4.1. The needed
data are provided briefly in Table 4-3. A lab setup comprising of a LISN, an EMI
receiver, and the 2-unit interleaved converter, is regarded to substantiate theories with
practical implementations. A reduced single-phase interleaved boost PFC converter
prototype, shown in Fig. 4.7, is employed to validate the suggested technique.
Moreover, the simulation model is implemented in PLECS. Moreover, the sampling
frequency for computer simulations and experiments is 100 kHz [J2]. Fig. 4.6
illustrates the obtained computer simulation and experimental results comparatively
for a 2-unit interleaved having 6 = 0°, 90°, 180° [C2], [J2]. Obviously, from Fig.
4.6(b), the results obtained by experiments are validated via simulations with regard
to the conventional phase-shifts between different units. The 1st order harmonics
occur in 2fs in comparison with the case of 8 = 180° within higher frequencies.
Evidently, the suggested analytical model is able to accurately match with the
experiments, and the highest error values in Band-A and Band-B are below 1.3 dB[J2]
for all phase-shifts. So, the analytical modeling technique is verified for various
phase-shifts and is applied by numerous interleaved parts.
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Fig. 4.6: EMI measurements for 2-unit interleaved boost PFC converter [C2], [J2].

4.3. The Aggregated Noise Model for Unsynchronized Multi-
Converters System

4.3.1. Interaction Noise Current

Fig. 4.8 (a) shows a block-diagram related to the system of study, comprising of a
single-phase bipolar VSI, an EMI receiver, a LISN, and an EMI filter. In order to
investigate the interaction among various aggregated PV inverters, an analytical
model is explained for a single-phase inverter. The major concept of the presented
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Fig. 4.7: Experimental prototype related to two single phase interleaved boost PFC
converters [J2].

technique is developing a Norton equivalent circuit model for PE converters. Thus,
the models of a noise source as well as the related closed-loop admittance are
presented to get an equivalent circuit for the PE converter for frequency behavior
studies. The model is presented for the PV single phase application by the (2-19) and
(2-29). When numerous converters produced by the similar manufactures are
integrated into one point, there would typically be negligible differences among the
switching frequencies that is due to fluctuations at the time of production and under
different environmental conditions. It may lead to a remarkable influence on the
behavior of a noise current at PCC for the PE converters. Thus, the suggested model
is employed to investigate the frequency interaction among various aggregated units.
This model is developed to cover the frequency behavior of N units. Fig. 4.9 depicts
the Norton equivalent circuit related to N-unit VVSI considering the EMI receiver and
LISN. According to the standard requirements, a LISN is necessary for DM EMI noise
measurements (Fig. 4.9). Because it is able to present a constant impedance and
decouple the device under test (DUT) from the power grid. Obviously, Fig. 4.9
depicts the highly effected LISN impedance by the noise measurement with regard to
the current division among various units. The noise current related to each unit is
shared between the LISN and other units considering the corresponding impedances.
So, the relation (4-15) represents the current flowing into the LISN originating from
all various units that is important in EMI measurements and may be computed as:

1 1
=3 Yoo YouN-D 5 (415
onv ] o 1 ||Z V2 . 1 env(j)
Yo,cnv Yo,cnv(N _1) HoN HeN Yo,cnv(N _1)
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Fig. 4.8: VSI structure and its model a) General topology of a single-phase VSI
comprising of an EMI receiver, LISN and an EMI filter. b) VSI Norton equivalent
circuit model [J3].

where, Z sy denotes the LISN input impedance, N denotes the number of units, icnv)

denotes the current model of a noise related to unit # j. An analytical formulation
related to input impedance (Zuisn) of a LISN is calculated by:

1
Zusnany = (2(L25||R2 "‘a) +2L,5)
2

1 4-16
2(R, + Cls) (4-16)

The consideration of the LISN in noise measurement creates circulating currents
among various units. The LISN impedance may be substituted by power grid
impedance once the LISN is removed. However, the LISN or grid impedance results
in some reverse current flowing back into units. In this research, the LISN impedance
considered as a worst case in the units’ interaction is taken into account for analysis.
The LISN impedance is high and influences the current flowing to network as well as
interaction current regarding (4-15) and (4-17). So, the circulating current among
various units is obtained by:
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Fig. 4.9: Norton equivalent circuit related to N-unit VSI considering LISN and EMI
receiver [J3].

1
i Yo,cnv i
circulating — 1 1 cnv(l)
+ Z
Yy (YOVW(N -1 2090 (4-17)
1
:::1"‘ Yo.cn Zisn i 0
j:n 1 1 1 cnv(j
+ z Ziy+—
Yo,cnv (Yo,cnv(N _1) ” HN ) Hen Yo,cnv(N _1)

As the suggested technique is on the basis of analytical equations, a study regarding
the impact of the beating frequency as well as unsynchronized switching frequency on
the aggregated PVs is needed. The aggregated model is verified via simulation results
given schematically in Fig. 4.10. Fig. 4.11 depicts the obtained results of modeling
the interaction current regarding (4-16) and (4-17) obtained by simulations
implemented for a two-unit mode provided in the Table 4-4. The switching frequency
tolerance of converter influences the harmonics” RMS currents in an emission band
named a beat. Thus, the beating effects may reduce the harmonic currents circulating
around the grid by addition of units. So, the switching frequency tolerance is modeled
via a continuous uniform random number in the interval of [-10 to +10] in order to
analyze the beating effects.
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Table 4-4: Practical Specifications of a Case Study for an PV inverter [J3].

Symbol Definition Values

Ug Grid side voltage (V)- peak vlaue 230

fy Grid side’s frequency (Hz) 50
fou Switching Frequency (kHz) 20
fs Sampling Frequency (kHz) 100
U Dc-Link Voltage (V) 360
Po Power (kW) 3

Ly Converter-side inductor (mH) 2.5
Ly Grid-side inductor (uH) 250
R Damping resistance () 8

Ce Reactive capacitor (UF) 8

In Harmonic factor 0.3

Accordingly, Table 4-5 presents the switching frequency tolerance obtained for each
unit. The frequency switching related to each unit should be sum of the obtained
tolerances in order to get the primary frequency switching. Thus, there exist various
noise voltage sources with regard to different frequencies for fs. Fig. 4.11 shows the
RMS current of the noise flowing into the LISN (or, network current) and circulating
current between the units. It should be mentioned that; the reversed current value is
on the basis of the number of units. The obtained results are based upon the resulting
analytical model. The measurement bandwidth is 400 Hz for the first emission band
(i.e., 20 kHz). Clearly, the beating effects results in a decreased current flowing into
the network that is critical for designing an EMI filter. Thus, the current flowing
among N units would likely raises by an increase in the number of units.

Table 4-5: Frequency switching tolerance for a 10-unit single-phase VSI inverter
[J3].

Unit No. 1 2 3 4 5 6 7 8 9 10
Frequency deviation (Hz) o 6 4 1 -7 2 5 3 4 5
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Fig. 4.10: Circulating current between the two units VSI (icirculating) (fsw1=19996 &
fsw2=20004) [J3].
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Fig. 4.11: RMS current of the Noise flowing into LISN and reversed current based
upon the number units within the first emission band [J3].

4.3.2. EMI Filter Effects on the Noise Current Interaction

As we discussed before, the major goal of design is to structure a valid filter that is
able to constrain the EMI level within the recommended standards. In the next step,
the EMI filter effects on interaction current between the units should be
investigated. Fig. 4.12 shows CL and = topologies of a symmetrical DM EMI filter
with regarding a damping stage and a filter stage. The design process of a CL and
= filters is explained in [81], respectively. The required attenuation of a filter,
denoted by Aureq, is obtained from [J1]
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A, (F)IdB]=U,,, (F)[dB]-CISPR,,, (f)[dB]+M arginds] (4-18)

where Unmay is the noise peak voltage estimated via the suggested analytical model. The
value of CISPRimit is computed from the standards reported in [23], [25], [56]. The
value of 6 dB is considered as a margin for designing an EMI filter. Moreover, the size
of components related to one-stage LC EMI filter is obtained by

2L2DMCDN| (j27rf)3 + 4L RomCon (j27rf)2 + Loy (127 1)+ Ry,
Rom + Low (j2rt)

'Ah ( fsweep) 2
= Ahgm _Filter (foweep )

(4-19)

Afterwards, designing a = filter is similar to that of the CL filter. However, the
attenuation value with network capacitor (Cpwmz) is considered in combination with an
input impedance of the LISN (4-16) and it should present the attenuation quantity of
Aucomz[dB] = Aureq/dB] —Ausec1[dB] at the frequency of 20 kHz. Hence, this
characterizes Cpwmz straightforwardly. Once the EMI filter is added, the Norton current
needs to be updated via Middlebrook extra element theory. More information with
regard to the updated modeling via the Middlebrook extra element theory are reported
in [71]. So, the Norton current utilizing the CL EMI filter is computed by

Z
o () = Yoro (4-20)
+Y,

oFo o,cnv

where Yor, With CL filter is obtained by

Yool = Y5 (#-21)

The input admittance employing the CL EMI filter is obtained via the Middlebrook
theory by

1+ Yo,cnv
YOFac
Yi(8) =Y — "= (4-22)

1+ o0,cnv
Y,

oFo

Here, Yor, With CL filter is given by
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Fig. 4.12: Considering single-stage DM EMI filter configuration including a
damping stage [J3].

Table 4-6: Specifications of one-stage CL and = EMI filters [J3].

Attreq Comi Rom Lbom  Comz
[dB] [uF] [Q] [uH] [nF]
CL 185 0.8 293 180 -

Type

n(CLC) 185 068 293 180 130

1
2z, Mt )“zc
DM RDM +ZLDM DM

where, Yie denotes the CL EMI filter’s input admittance that can be presented by
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1
Yie (s) = (4-24)
Rom 2L
A2, + o)+
DM RDM +Z|_DM DM
The Norton current utilizing the z EMI filter is achieved by
Z
iem (S) = Cous % i (4_25)

C
. A
Row -Z DM }/ +}/ -
aaw+z%“+%?+£ Y+Ze,, Yo Y,

LDM

For analyzing the interaction current in relations (4-15) and (4-17), iconv) Needs to be
substituted by iem regarding the EMI filter. The input admittance utilizing the z EMI
filter is computed by (4-22). Yet, Yoro for the z EMI filter is similar to the case of CL
filter; however, Yor, for z EMI filter would be updated by

1
Yo, = (4-26)
Row -Z,
Z(ZLDM + ZCDMZ + 7DM) “ZCDMl
Row + ZLDM

The = EMI filter’s input admittance is computed by

1
Y (5) = R (4-27)
2(z Mo yyz. )z

I-DM CDM].
Rou + Z,

Com2

By substituting Y; in (4-15) and (4-17) instead of the Yocnv, the interaction current
along with the current flowing through the network via EMI filter is computed. On
the other hand, EMI filter’s various topologies considering varying quantity of
admitance may influence the interaction current among the units.

4.3.3. Results for multi converter system

In order to validate the suggested modeling approach, totally 10 PV inverters are
integrated to a similar PCC (See Fig. 4.9). Table 4-4 gives the specifications of applied
system for each unit. Additionally, the switching frequency is obtained via including
the tolerance of factory frequency presented in Table 4-5. Simulations are implemented
in PLECS to investigate the effectiveness of modeling technique. Fig. 4.13 depicts the
RMS current value related to the noise flowing through LISN (network current) for
both unsynchronized and synchronized cases with regard to the number of units in the
first emission band via the analytical model. Clearly from Fig. 4.13, the noise current
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flowing into the network decreases in unsynchronized case considering the beating
effects; however, it increases in synchronized case. It is revealed that the analytical
model is able to estimate/analyze the super-harmonic emission and the given
interaction among various units within the frequency range of 2-150 kHz [J3].
Moreover, beating effects are increasing by addition of units. Additionally, the first
emission band includes the switching frequency with regard to the bandwidth ‘400 Hz.’
Thus, the beating impacts lead to a decreased level of noise current flowing through
the network and reversing back to the converter by addition of units in the synchronized
case. More importantly, Fig. 4.14 depicts the EMI estimation for both unsynchronized
and synchronized cases with regard to the number of units available in the first
emission band. As seen in Fig. 4.14, the EMI level declines by the addition of units in
the unsynchronized case study because of beating effects. On the other hand, the
attenuation required by the filter declines due to lower EMI levels.

As mentioned earlier, the interaction current depends upon the LISN input
admittance and output converter admittance. Thus, EMI filter design may have an
impact on the interaction current due to variation in the behavior of admittance
frequency and noise source. So, two types of EMI filters (i.e., CL and x) are devised
with regard to the same attenuation requirements for the converter of interest. Fig. 4.15
illustrates the RMS current value related to the noise flowing into the power grid based
upon the number of units for both 7z and CL filters in an unsynchronized case. As
illustrated in Fig. 4.15, the current flow into the grid is larger for the z case study
compared to the CL filter.

Network Current at 20 kHz
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0.257] mm Synchronized (icnv )
< 02
<
o
5 0.15 |
O]
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Fig. 4.13: RMS current of the Noise flowing into LISN and unsynchronized
/synchronized based upon the number of units in the first emission band [J3].
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EMI at first emission band(20 kHz)

128%
o © |
° [ ]
126 | .
. °
>
3 124f 2
S, ° % Unsynchronized
£ 122} ® Synchronized
<
o 120" * ok, ;
*
*
118} * 4 1
116 ‘ w i . ‘ ‘ >

1 2 3 4 5 6 7
Number of units

Fig. 4.14: EMI estimation for both case studies based upon the number of units
existing in the first emission band 20 kHz [J3].
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Fig. 4.15: RMS noise current through to the network side for unsynchronized based
on the number units in first emission band for = and CL filter. Results are based on
the analytical model [J3].

Accordingly, the interaction current may fall in between different units by varying the

filter topology. At the end, the obtained results demonstrated that the interaction
impacts on the aggregated units are related to the topology of an EMC filter.
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4.4, summary

This chapter investigated the effect of unconventional selective phase-shift on
optimized EMI filter for two frequency bands of Band-A (i.e., 9-150 kHz) and Band-
B (i.e., >150 kHz). The obtained results within Band-A demonstrated that the
presented interleaved configuration has numerous advantages, leading to the likelihood
of using no filter for frequencies beyond 75 kHz, 50 kHz, and 37.5 kHz for two-, three-
, and four-unit modes. Moreover, in Band-B, the conventional phase-shifts between
different units were not much effective for all frequencies. So, various phase-shifts
(unconventional) were utilized to obtain a larger corner frequency and a smaller size
for filters in Band-B [J3]. Interestingly, the suggested technique was employed in order
to model the level of noise considering higher accuracies at various phase-shifts in
order to design a DM EMI filter. Moreover, this research work highlighted the merits
of employing the conventional phase-shifts in Band-A to eliminate the odd harmonics
in order to get optimized attenuation requirements for designing an EMI filter [J3].
Ultimately, filter volume optimization was employed to minimize component size via
an analytical approach and phase-shifts selection. So, a general technique on the basis
of the analytical equation regarding the phase-shift was utilized to get an optimized
EMI filter volume. Results of experiments validated the EMI analytical approach
regarding various phase shifts in Band-A and Band-B, and the related maximized errors
are less than 1 dB. Moreover, in this research, a single-phase VSI estimation related
to DM EMI noise was detailed based upon an analytical model, the EMC receiver, and
the LISN. The obtained model was developed to include N number of units. However,
it also presented the likelihood of investigating the interaction currents flowing through
the units. The analytical technique defines the effective parameters for reduction of the
system-level analysis. The model was obtained for two he unsynchronized /
synchronized cases among various units. In addition, it was determined that beating
effects decreased the current flowing through the grid in unsynchronized case. In the
unsynchronized case, good performance was achieved to reduce the EMI level in
comparison to the synchronous case. In order to meet the standard requirements and
decrease the interaction, various EMI filter topologies were investigated based upon
the attenuation requirements of the filter. The = EMI filter was able to lower the
interaction current compared to CL EMI filter. Ultimately, a proper design of EMI filter
to obtain a reduced interaction among different units and, thus, the LISN impedance is
viable through the interaction analysis.
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This chapter outlines the main conclusions and finding in this Ph.D. thesis. The main
contributions presented in this thesis are highlighted, and the future research work and
perspectives are discussed.

5.1. Summary

In this Ph.D. project, the main focus is modeling and characterizing the low-frequency
EMI within the frequency range of 2-150 kHz [J1]. The EMI modeling in single and
three-phase power converters has been developed. Mitigation techniques by EMI filter
design have also been presented to fulfill relevant standard requirements. Multi-
converter systems noise propagation analysis based on an aggregated model for a
multi-parallel connected converter system has been discussed. A brief summary of this
Ph.D. thesis is as follows.

In Chapter 1, the research background and the importance of low-frequency range
emission in PE- based system have been identified. In low-frequency EMI, the noise
propagation issue is one of the major concerns, which needs to be addressed. Many
simulation-based models and mitigation techniques have presented above 150 kHz
considering the complex behavior of noise propagation. Moreover, important EMI
issues in the new frequency range are addressed in this chapter. There is no systematic
study in the literature about noise propagation in low frequency range.

Chapter 2 provided a complete analytical time-frequency domain technique which
estimates single-phase PE converter generated emission. The proposed analytical
approach estimated the generation low-frequency emission on the basis of double
Fourier analysis combined with closed loop impedance/admittance of power
converter. Closed-loop impedance and admittance's behavior are analyzed to
characterize the shunting effect of power converter impedance on the generated
emissions. Consequently, a simplified estimation of a closed-loop impedance and
admittance in order to use in the multi-converter systems analysis is achieved. A proper
one-stage DM EMI filter is designed to fulfill standard requirements, and
Middlebrook's extra element theorem [71] is utilized to incorporate the effect of EMI
filter on the developed model. Conventional analytical estimating techniques,
simulation, and experimental results are considered for a comparative analysis to assess
the proposed modeling technique's effectiveness. An analytical method is implemented
on the single-phase boost PFC and voltage source inverter.

In Chapter 3, the DM EMI analytical approach is extended to the three-phase
application, including active rectifier and voltage source inverter. An accurate and
computationally efficient model capable of characterizing a low-frequency EMI model
for three-phase converters is presented. Simplified estimation for the closed-loop input
impedance in an active rectifier and the closed-loop output admittance in a voltage
source inverter above 9 kHz is achieved. A proper two-stage EMI filter is designed for
the three-phase active rectifier to limit the noise level under the standard limitation.
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Finally, the efficiency of the proposed method is validated by experiment and
simulation in a three-phase inverter.

Up to this point, all the models and analysis presented consider only a single power
converter with either single-phase or three-phase structure. Chapter 4 comprises of two
parts, focused on multi-converter configuration considering the effect of synchronized
and unsynchronized operation of power converters on the generate emissions below
150 kHz frequency range. The first part extends the time-frequency DMI EMI
approach for the interleaving boost PFC units (i.e., synchronized operation). The
proper selection of switching frequency and the number of interleaved units to have
lower filter attenuation are discussed. Experimental results validate the noise
propagation relationship with phase shift in two interleaved units. The DM EMI filter
volume optimization is done by considering the phase shift effects on the interleaved
units. The second part analyzes the interaction current among the power converter
units. Analytical ~ aggregated  noise  models  for  multi-parallel
unsynchronized/synchronized converters are presented. The effect of the EMI filter
topologies on the interaction current between units is investigated.

5.2. Main Contributions of Thesis

The main contributions of this Ph.D. project are summarized as follows:

«» Proposed a time-frequency analytical modeling approach for DM EMI
noise of single-phase power converters for the frequency range of 2-150
kHz [J1].

e A computationally efficient model capable of characterizing a DM
noise in single-phase boost PFC and inverter with two kinds of
modulation, including bipolar and unipolar was proposed [J1], [C1].

e Developed and analyzed the influencing parameter on input closed-
loop impedance for boost PFC and output closed-loop admittance
for the inverter to get the simplified model to use in the multi-
converter systems analysis.

e  Proper single-stage EMI filters to fulfill the standard requirement
were designed and the influence of the EMI filter in the proposed
analytical model was included using Middlebrrok extra element
theorem.

e A comprehensive comparison between the prior-art and the
proposed method is implemented and validated by simulation and
experimental results

« Proposed time-frequency analytical modeling approach for DM EMI
noise of three-phase power converters [C3].

e Achieved the accurate analytical DM EMI proposed approach to
estimate the DM EMI noise in the frequency range under 150 kHz.

e Closed-loop input impedance for the rectifier and output admittance
for the inverter can be estimated by the ac filter input impedance and
output admittance in the frequency range above 9 kHz, respectively.
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e Designed the two-stage three-phase EMI filter to limit the peak noise
level under the standard requirement for the three-phase active
rectifier.

< Analysis and modeling of EMI noise in multi-converter Systems and
interleaved units

e Extended the analytical DM EMI noise analytical approach to the
interleaved units by considering the phase shift effects.

o Different phase shift effects on the EMI filter volume optimization
are investigated. DM EMI filter size can be reduced by interleaving
the units.

e Aggregated EMI models under 2-150 kHz for multi-converter
Systems.

e The interaction model between the units was obtained for two
unsynchronized/synchronized cases among various units.

5.3. Research Perspectives and Future Work

This Ph.D. project suggested the new analytical differential mode noise estimation in
different single-phase and three-phase applications to improved EMI filter designing
and characterizing the influence parameter to use in the system-level analysis.
However, there are still some other challenges that are worth researching, as noted in
the following.

e This Ph.D. project focuses on DM mode noise analytical approach and design
DM EMI filter. It could be extended to CM noise modeling and the
corresponding filter design.

e ThePhD research is limited to the case studies of single-phase and three-phase
converters with typical SPWM modulation methods. The proposed modeling
approaches can be extended to other topologies and modulation methods.

e One of the Ph.D. project's purposes is using the analytical DM EMI noise
approach on the EMI filter designing to fulfill the standard requirement. But
the EMI filter designed for the new frequency range (i.e., < 150 kHz
frequency range) increase the filter size due to shifting the filter corner
frequency to lower frequency ranges [C3]. Therefore, it is worth looking at
other mitigation methods, such as the dithering technique to reduce the EMI
noise and consequently EMI filter size.

e EMI performance degradation due to filter component aging is not considered
in this study. It is worth studying the impact of inductance and capacitance
reduction of the filter components on the EMI noise level.

e This Ph.D. project focuses on the interaction between the units. Therefore, by
applying the developed model, the interactions between various PE converters
and the corresponding effects on a low-frequency EMI are studied as the main
focus of this research. Moreover, it is found that design of the proper EMI
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filter can be affected by the interacting currents. Currently, no solution is
proposed for the system-level mitigation techniques. Hence, it is worth

investigating to find the EMI filter design guideline for all units regarding the
worst-case scenario.
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