i:;l?é electronics

Article

The Impact of Grid Distortion on the Power Conversion
Harmonics of AC/DC Converters in the Supraharmonic Range

Marwa S. Osheba 1'2*(0), Abdellatif M. Aboutaleb 120, Jan Desmet !

check for
updates

Citation: Osheba, M.S.; Aboutaleb,
AM.; Desmet, J.; Knockaert, J. The
Impact of Grid Distortion on the
Power Conversion Harmonics of
AC/DC Converters in the
Supraharmonic Range. Electronics
2024, 13, 2244. https://doi.org/
10.3390/ electronics13122244

Academic Editor: Amr Ahmed
A. Radwan

Received: 7 May 2024
Revised: 5 June 2024
Accepted: 6 June 2024
Published: 7 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

and Jos Knockaert !

Research Group EELab/Lemcko, Department of Electromechanical, Systems and Metal Engineering,
Faculty of Engineering and Architecture, Ghent University, 8500 Kortrijk, Belgium;
abdellatif.aboutaleb@ugent.be (A.M.A.); janj.desmet@ugent.be (J.D.); jos.knockaert@ugent.be (J.K.)
Department of Electrical Engineering, Faculty of Engineering, Menoufia University, Menoufia 32511, Egypt
Correspondence: marwa.osheba@ugent.be

Abstract: AC/DC converters, controlled by pulse width modulation (PWM) and used as power factor
correction (PFC), is considered one of the main contributors to emissions in the range 2 kHz-150 kHz,
recently known as the supraharmonic (SH) range. This study looks at the impact of SH grid distortion
on the LF (<2 kHz) and HF (>2 kHz) emission of an AC/DC converter. The PFC boost converter
is used as a particular case for validation of the results. It is observed that the AC/DC converters
emit additional LF interharmonics and subharmonics when the grid voltage contains interharmonic
components in the SH range. A mathematical analysis is provided to study and assess the interference
between the SH in the background distortion and the AC/DC converters. Experimental studies are
then performed for a PFC boost setup based on dSPACE MicroLabBox for the purposes of validating
the mathematical analysis.

Keywords: active power factor correction; harmonics; interharmonics; supraharmonics; electromagnetic
compatibility; AC-DC power converter

1. Introduction

With the development of the modern electrical grid, the integration of the power elec-
tronics (PE) based apparatus becomes indispensable. These devices, including inverters,
converters, and variable frequency drives, are driven by high switching frequencies to con-
trol and convert electrical energy efficiently [1,2]. However, the switching rates often occur
within the frequency range of 2-150 kHz, leading to power conversion harmonics occurring
in the grid, recently known as supraharmonic (SH). Consequently, this leads to generating
electromagnetic interference (EMI) problems in the SH range [3-5]. Reported examples are
interference in communication systems, performance and lifespan degradation of electrical
equipment, audible noise, and unintentional switching [6,7]. This, in turn, emphasizes
the importance of carefully designing and analyzing these systems to mitigate adverse
effects and ensure the stable operation of the power network increasingly dependent on
PE technologies. Consequently, numerous studies focus on unraveling the complexities
surrounding the propagation, emissions, and effects of SHs. One of the obstacles involved
with these high-frequency emissions is the lack of standards in the SHs range [8].

In [9-11], it has been observed that high distortions of up to 3 volts appear when grid-
connected inverters (GClIs) and electric vehicles (EV) battery chargers are subjected to SH
emissions. A study conducted in [12] on several household devices introduces the criteria
and the indications of SHs emissions classification and clarifies the emissions characteristics
in time and frequency domains. The system under investigation in [12] consists of a PV
inverter and LED lamps installation connected in parallel. It is found that supraharmonic
propagation is highly dependent on the characteristics of the devices and grid impedance.
The interference between SHs and electronic devices is investigated in [6,13,14], where the
operation failure of these devices is reported.
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In [15], numerous AC/DC LED drivers are subjected to a SH voltage profile following
the measurement method in IEC 61000-4-19 [16]. The study in [15] aims to analyze the
interference in the LED lamp’s driver circuits. The results show that the SH voltage profile
could cause deviations in the average light intensity.

In the harmonic range below 2 kHz, an interharmonic is defined as “a frequency
component of a periodic quantity that is not an integer multiple of the frequency at which
the power system is operated” [17]. The definition of the interharmonic is still limited to
the harmonic range, i.e., below 2 kHz. However, in [18], their counterparts in the SH range
are defined as nonsynchronous disturbances above 2 kHz. Interharmonic studies within
the field of power quality encompass understanding their origins, detecting their presence,
modeling them, and developing mitigation techniques [19,20].

Interharmonic components are deliberately superimposed on the grid voltage for
ripple control (RC) purposes. The frequencies of the added interharmonics components lie
between 110 Hz and 3 kHz with amplitudes up to 7 V [21]. Consequently, different inter-
modulation components from the applied frequencies are created, and non-synchronized
operation may occur [22,23].

The interaction between SHs, interharmonics, and electronic devices is a complex area
that requires more clarification and careful consideration in the design and operation of the
connected devices. Therefore, many studies analyze the propagation of such components
and study the mitigation of their effects [24-26].

Studies conducted in [27,28] show that any apparatus being subjected to interharmonic
components will act by itself as a source of interharmonics. Few attempts have been made
to investigate the interaction between SHs, harmonics, and interharmonics. According to
the study conducted in [29], interharmonic components arise at the terminals of the devices
when they are exposed to a source of “SHs” under the circumstances of grid frequency
deviations from the nominal grid frequency, i.e., 50/60 Hz. The study conducted in [30]
came to the conclusion that grid-connected converters emit additional emissions known as
self-induced and mutual-induced emissions if they are subjected to SH distortions with
frequencies that are non-integer multiples of grid one.

AC/DC converters are widely used in low voltage (LV) installations to match various
loads of power demand with the one provided by the grid [1]. The vast majority of these
converters are controlled to adjust the output voltage or current to meet what is required
by loads. In addition, due to the limitations set by IEC 61000-4-7 standard [31] on harmonic
current emissions of AC/DC converters below 2 kHz, an active power factor correction
(PFC) stage is added as a controlled DC-DC converter between the diode bridge rectifier
(DBR) and the DC load. As these AC/DC converters are driven by switching frequencies
lying in the SH range, they are identified as one of the sources of SH emissions.

In this paper, the interaction between the SHs with non-integer multiple in the back-
ground distortion and the SH emissions of the PFC boost converter, as the most common
topology used in AC/DC converters for the purposes of PFC, is investigated. Non-integer
multiple components of SHs means that the frequencies of these components are non-
integer multiple of the nominal grid frequency. The study aims to determine the effect of
that interaction on the final emissions of the PFC boost converter. The motivation of this
study is driven by the fact that the SHs with non-integer multiple in the background distor-
tion exist due to many factors, e.g., the emissions of variable frequency drives (VFDs) [30]
and the deviations in the switching frequencies due to the impurities in the components
and the unavoidable flaws in the design process [32]. This, in turn, raises the importance
of studying the interference between the SH with non-integer multiple and the AC/DC
converters. The main contributions of this work can be listed as:

e  An experimental setup based on a dSPACE MicroLabBox will be built to study the SH
emissions of PFC boost converters as a common example for AC/DC converters.

e  Exposing the AC/DC converter to SH with non-integer multiple and documenting
the observations.
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e Investigating the effect of the DBR of the low voltage AC/DC converters on the
harmonics and SHs transfer between the two sides of the DBR.

e  Determining the origin of the added emissions in the frequency spectra of the PFC
boost current under SH with non-integer multiple in the background distortion.

The rest of the paper is organized as follows: The DBR and its effect on the harmonic
transfer, as well as the interference analysis, are provided in Section 2. In Section 3,
experimental verifications and observations are discussed. The conclusions of this study
are provided in Section 4.

2. Interference between the SH Components in the Grid and the AC/DC Converters
2.1. DBR Effect on the Harmonics Reflections on Both Sides

The DBR is considered the main connection between the AC and DC sides of the vast
majority of the grid-connected AC/DC converters. It is used to convert the AC power from
the grid into a DC one on the load side as a first conversion stage. However, it affects the
flow of harmonics and SH between both sides. This is considered a key to studying the
interference behavior of AC/DC converters due to SH distortion. In this subsection, the
reflections of harmonics between the two sides of the DBR are discussed. Figure 1a shows
a DBR with a supraharmonic (SH) current component generated from the background
distortion. The SH current at the AC side is colored in black in Figure 1 and labeled as
i¢(sH), While its reflection on the DC side is colored in red and labeled as ipc(sp)-

. A
. 1g(SH)
1DC(SH)
- .
# 1DC(SH) | |
DBR [— S SRR N ]
L & LD frequency
78 Ez
han (e
(a) (b)

Figure 1. DBR with SH current component flowing from the AC side to the DC side. (a) Schematic of
the circuit. (b) The SH current is in the frequency domain on both the AC and DC sides.

In order to estimate the ipc(spy) which represents the reflection of the ig (s, let ig(sp)
be described by the following equation,

lo(sH) = Ly(sh) cos (wspt) 1)

Here, I, (sp) is the amplitude of the ig (s, wsy is the SH component angular frequency
where wsy = 27t fsy and fgy is the SH frequency, and ¢ is the time vector. The current
flows through the DBR. Consequently, i, (s is affected by the DBR. To determine the effect
of the DBR, the following DBR function can be applied [33];

> 2 hm
uppr(t) = ), 7—sin ()cos (hwt) ()
= hm 2 §
h=odd

Here, uppr is the DBR function and wy is the grid angular frequency where wo = 271 f¢
and fq is the grid fundamental frequency. Then ipc(sp) can be obtained by multiplying
Equations (1) and (2) as,

. = 2 . (hn
IDC(SH) = (Ig(SH)COS ((USHt)) X hgl Esln (2)COS (hwgt) (3)
h=odd
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Equation (3) can be rearranged and modified to be as;

o0 I
ipc(sH) = hz' <gh(s7f)sin(hzn>> (cos((wspy — hwg)t) + cos((wsh +hwe)t))  (4)
-1

h=odd
As deduced in Equation (4), one SH current component in the AC side is reflected into
a sideband of harmonics in the DC side due to the DBR function. The amplitudes of the DC

L
side reflected current are %sin(%ﬂ) with frequencies equal to fsp £ 1if . A graphical

representation in the frequency domain of that phenomenon is shown in Figure 1b.

Likewise, if the SH current component is generated on the DC side, it is reflected in a
band of SH components on the AC side. Equation (4) can be used to calculate the reflected
SH components on the AC side. Figure 2 demonstrates these phenomena with the same
colors and labels used in Figure 1.

A

. ig(SH)
iDC(SH) / \
# . 1DC(SH) | |
o0 Y "
DBR |— | e
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TZ &E=E
- -
(a) (b)

Figure 2. DBR with SH current component flowing from the DC side to the AC side. (a) Schematic of
the circuit. (b) The SH current is in the frequency domain on both the AC and DC sides.

2.2. Interference Problem

In this subsection, the interference between the primary emissions of AC/DC con-
verters and the distortion in the grid is discussed and explained. Consider i(fsy) is a
component of the primary emission of the AC/DC converter at the DC side of the DBR due
to the switching behavior of such converters. If the AC/DC converter is subjected to a SH
current component i¢(fsy) generated from the background distortion, which represents a
secondary emission of the AC/DC converter under study. Then, the DBR current at the AC
side in the frequency domain is as depicted in Figure 3, in which the secondary emission
added at fsp is in red color, and the primary emission of the AC/DC is indicated in black
color. The following steps clarify the mechanism of the interference between the primary
and secondary emissions of the AC/DC converter:

e  The secondary emission current at fsy; flows from the AC side of the DC side of the
DBR. Consequently, this current is dissolved into an infinite number of components at
the DC side as a result of the DBR effect, which appears as a sideband of SH around
fst- The components of that current can be calculated by Equation (4).

e  The primary emissions of the AC/DC converter, depicted in black in Figure 4, appear
in three parts as [33]:

O LF distortion.
O Baseband harmonics at the switching frequency and its integer multiples.
O Sideband harmonics around the baseband frequencies.

e  The frequency differences between the chosen SHs at fsp; F f; and the nearest base-
band are Af; and Af,, respectively. These differences are shown in green in Figure 4.
e Inthe LF range, additional emissions appear at Af; and Af, due to the interference
between the baseband primary SH and the secondary emission. The additional emis-
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sions are drawn in green in Figure 4. Then, these additional emissions flow towards

frequency

frequency

frequency

the DBR.
e  The additional emissions at Af; and Af, are affected by the DBR function while
they cross the DBR to the AC side. They appear as bands of harmonics based on
Equation (4). The reflections of added emissions in the AC side of the DBR are as
shown in Figure 5.
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Figure 3. The AC/DC converter DBR is subjected to a SH current component, and the main emission
of the AC/DC converter on the AC side contains a SH current from the background.
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Figure 4. The PFC boosts the main emission and the reflection of the main i¢(fsw ) at the DC side of
the DBR.
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Figure 5. The DC side added emissions in the LF range of the PFC to boost DBR reflection on the AC
side of the DBR.

3. Simulation and Experimental Verification
3.1. System Implementation for Simulation and Experimental Studies

The system under study is the PFC boost converter (Figure 6) as a common example
of AC/DC converters. The control algorithm consists of an outer and an inner control loop.
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The former one is used to control the output voltage, while the latter is used to control the
inductor current for PFC purposes.

1g :
— > ., D
7YYY\ NIl
1 Ro

4 p Loy Co 574

Vrect Vs \' S Vo

Q

Grid
impedance
=

Vdcref

Voltage
Controller S

Controller

Vo

(b)

Figure 6. PFC boost. (a) power circuit, (b) control algorithm.

For the simulation and the experimental studies, a PFC boost setup is implemented
in MATLAB/Simulink for the simulation study and in the lab for the experimental one,
as shown in Figure 7. It consists of a step-down transformer that is used to reduce the
grid voltage from 230 V down to 66 V in the experimental setup. The transformer is used
because the output resistor has a 100 W rating with a resistance value of 600 (). This means
the maximum voltage that can be applied at the output is around 240 V, which highlights
the importance of using the step-down transformer. As there are no limitations in the
simulation study, no transformer is used for the simulation model. However, the grid
voltage used for the simulation study is 66 V, as in the experimental one. It was found
that the simulation and experimental results were identical. This, in turn, assures that
the transformer used in the experimental study has no significant effect on the results.
According to the PFC boost theory, no capacitor is used on the DC side of the DBR for the
purpose of PFC [33]. The parameters used for the PFC boost setup are listed in Table 1
for both simulation and experimental studies. The parameters are chosen based on what
exists in the lab. Indeed, there should be harmony between the power and control circuit
parameters designs to obtain the optimum PFC operation. However, the parameter values
used for the simulation and experimental ones give accepted PFC performance for this
study. For the experimental study, the control algorithm is built, and the driving pulse is
obtained from dSPACE MicroLabBox rti1102 with a step time of 20 uSec. This limits the
switching frequency to 5 kHz. The voltage and currents are measured by means of a Taraz
USM-3IV voltage current measurement kit. The bandwidths of the Taraz USM-3IV are
100 kHz and 200 kHz, respectively. The SH voltage components added to the grid voltage
are generated by the IMU SLAVE SMART EXT-SMART V1, which is driven by the IMU-
MGS 5KV EFT/burst and surge compact generator.

Table 1. System parameters were used for the simulation and experimental studies.

Parameter Value

Grid Voltage (Root mean square) 66V
Boosting inductance 10 mH
Boosting capacitor 470 uF
Output resistor 600 O
Switching frequency 5kHz

Output voltage 120V
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-- dSPACE MicroLabBox Grid connected transformer Output resistor

Laptop and screen

PicoScope

Interface VI DBR and boost

IMU-MGS | IMU SLAVE SMART
card Sensors | converter stages

Figure 7. Experimental setup.

Two case studies were performed in both simulation and experimental studies to study
the effect of the PFC boost converter exposed to a SH background distortion. In each case
study, two scenarios are compared. The first scenario is conducted with no distortion in the
grid. The second scenario is polluting the grid with a SH distortion. The two case studies
are similar. However, the diversity between the SH distortion frequencies in each case study
confirms the analysis. The SH distortion is added to the grid by means of EXT-SMART V1
for the experimental study. In the simulation study, the two case studies are repeated with
an output resistance of 100 (), which means the output power increases by six times.

3.2. Simulation Study

Before going to the case studies, the system results in the time domain are presented
at no SH distortion to confirm the system performance. The output voltage waveforms
with the reference values are shown in Figures 8 and 9 for the low and high output power,
respectively. It is clear that the voltage loop controller succeeds in regulating the output
voltage according to the reference one.

150 : : T T T
A ——Actual i
100 —Reference_
2.
°
> 50} i
0 L I I I I I L

0 0.5 1 1.5 2 2.5 3 3.5 4
Time [Sec.]

Figure 8. The simulated output voltage of the PFC boost at R, = 600 ().

150 T T T T T T T
——Actual
— 100L —Reference
2
(=)
> 50 |
0 I I I I I I I
0 0.5 1 1.5 2 2.5 3 3.5 4

Time [Sec.]

Figure 9. The simulated output voltage of the PFC boost R, = 100 Q.
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The simulated results of the reference current that is calculated from the rectified
voltage and the actual inductor currents are as demonstrated in Figures 10 and 11 for the
low and high output power, respectively. It is clear from the simulated results that, the
inner loop for the current controller managed to make the inductor current follow the
reference one.

T T -

—Actual

——Reference

2 2.005 2.01 2.015 2.02 2.025 2.03 2.035 2.04
Time [Sec.]

Figure 10. Simulated PFC boost inductor current at R, = 600 Q).

T e,
— Actual

——Reference

=2 I | I I I I I
2 2.005 2.01 2015 2.02 2025 2.03 203 204

Time [Sec.]

Figure 11. Simulated PFC boost inductor current R, = 100 Q).

The resultant simulated input currents at the AC side of the DBR and the grid voltage
are as shown in Figures 12 and 13 for the low and high output power, respectively. It is
clear that the PFC function is achieved in both cases.

100

-100 1 1 1 1 1
2 2.005 2.01 2.015 2.02 2025 2.03 2035 2.04

Time [Sec.]

Figure 12. Simulated grid voltage and current at the PFC boost input terminals that = 600 Q.



Electronics 2024, 13, 2244 90f17
100 T T T T T T T 5
[— [—
Z. 0 0 Z
o0
> -
-100 -5

2 2005 201 2015 202 2025 203 2035 2.04

Time [Sec.]

Figure 13. Simulated grid voltage and current at the PFC boost input terminals that = 100 Q.

3.2.1. Case Study 1: Grid Voltage Distorted with a SH Component at 5029 Hz

In the 1st case study, two scenarios are compared; the first scenario is conducted by
adding no SH distortion to the grid. The second scenario is carried out by adding a SH
distortion at 5029 Hz, with an amplitude of 3% of the grid one. The results of the grid
current and the boost inductor current in the frequency domain for both scenarios of Study
1 are shown in Figure 14. From the results, the SH current generated from the background
distortion at 5029 Hz is transferred to the DC side of the DBR as a sideband SH around
5029 Hz. The components at 4979 Hz and 5079 Hz represent two examples of the DC-side
components of the SH distortion at 5029 Hz from the grid. Due to the switching behavior
of the PFC boost, many SH components at the DC side of the DBR are transferred to the
grid side based on the DBR function. For example, the SH at 5000 Hz represents one of the
primary emissions of the PFC boost on the DC side. This primary component interferes
with the grid distortion at the DC side of the DBR. The frequency differences between the
primary SH component and the chosen examples at 4979 Hz and 5079 Hz, which can be
defined as Af; and Af,, are 21 Hz and 79 Hz, respectively. As a result of the interference,
LF components appear in the DC side current at 21 Hz and 79 Hz. Then, the generated LF
components transfer to the AC side as a sideband emission based on the DBR function. For
example, the LF at 29 Hz and 71 Hz resulted from the DBR DC-side emissions at 79 Hz and
21 Hz, respectively. The relationship among the additional emissions, the grid distortion,
and the primary emissions of the PFC boost are summarized in Tables 2 and 3.

0
10 T X 29 T x7 i T T X 4950 X 5050
Y 0.0128348 -~ o 1 Y011417 X 5029 Y 0.113153
Y 0.00673149 —~
—_ T . 7 Y 0. 0125719
|
CH R X
=" 10" |——Under SH M W W\MW J”W
———Under no SH ‘\ w iy Jw My ){‘r
H il il Ll | i A \
107! 10° 10 10? 10° 10* 10° 4900 4950 5000 5050
(a) Frequency [Hz]
0 0 X 5000
r r rrrrrreoqg T rorrrs T T TTT e
10 21 7o e - - ' 10 v 0.148844 5070
Y 0.0110334 Y 0.00918709 —~ — -~ - Y 0.00918142
< o NAL X 4979
— i 2V | vo. 00927381
s = - i N L e
107 - | Under SH 1 10 i ,“ A fr A
———Under no SH
T n il n sl L L I P s i i i i
10° 10" 10? 10° 10* 10° 4900 4950 5000 5050 5100

(b) Frequency [Hz]

Figure 14. Simulation results of case study 1 at R, = 600 (), a comparison between a PFC boost
converter exposed to a SH free grid voltage and the same PFC boost exposed to a distortion in the
grid voltage at 5029 Hz. (a) The grid current, and (b) the inductor current.
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Table 2. Relationship among the added LF emissions, main emissions, and the i¢ ( fsfr) components
in the DC side of the DBR for both simulation and experimental studies.

SH Component Frequency Main SH Emission .
Added to the Grid (Hz) Frequency (Hz) ig{fsn) Components (Hz) Af Hz)
4979 21
Case Study 1 5029 5000
5079 79
4988.6 114
Case Study 2 5038.6 5000
5088.6 88.6

Table 3. Additional harmonics in the LF range in the AC side of the DBR and their origin harmonics
in the DC side in both simulation and experimental studies.

Origin Harmonic Frequency Relationship Based on Added Emissions
in the DC Side (Hz) Equation (4) Frequencies in the AC Side (Hz)
79 79— fo 29
Case Study 1 21 21+ fy 71
88.6 88.6 — fo 38.6
Case Study 2 11.4 114+ f, 614

To check the interference and the added emissions in higher power PFC boost, the
output resistance is changed from 600 () to 100 (2, which means the output power increases
by six times. Then, scenarios 1 and 2 of study 1 are performed for both loading conditions.
The results of study 1 with higher power are then compared with the one with lower power,
as shown in Figures 15 and 16. It can be concluded from the results that The SH primary
emissions are almost the same for both loading conditions. Moreover, the added emissions
due to the interference are detected at the same frequencies but with different amplitudes.
As the amplitudes of the added emissions depend on the grid impedance, which is still
unmodelled in the SH range, calculating the amplitudes is considered as a future work.

10°F
< =T FROBRIN
2 et
p— _ 4 Under no SH R =100
_ - Under no SH R =600Q
10710 0 L i i i
10! 10° 10 10? 10° 10* 10° 4950 5000 5050
(a) Frequency [Hz]
0
10 9
— o — - P 10-1
_ —k 4 10-2
S. 10—5 T——ossee i 10'3
- . Under no SH R <1002 » 10%
_ - Under no SH R,=600Q |_ GO 1075 {800 .
10'10 I | | I il i . -
107! 10° 10 102 10° 10* 10° 900 4950 5000 5050 5100

(b) Frequency [Hz]

Figure 15. A comparison between a PFC boost converter exposed a SH free grid voltage under
different loading conditions. (a) The grid current, and (b) the inductor current.
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I, [A]

~ .+ Under SH at R =100Q B

10t 10° 10 102 10° 10* 10° 4950 5000 5050

G,,\_\’_,;_‘.ege’:ﬁ:si’i

—o—Under SH at R =600Q I & - Gact .

1010 ' ' : ' 4900 4950 5000 5050 5100
10t 10° 10! 102 10° 10 10°

(b) Frequency [Hz]

Figure 16. A comparison between a PFC boost converter exposed to a distortion in the grid voltage at
5029 Hz under different loading conditions. (a) The grid current, and (b) the inductor current.

3.2.2. Case Study 2: Grid Voltage Distorted with a SH Component at 5038.6 Hz

In the 2nd case study, two scenarios are performed and compared. In the first scenario,
no SH is added to the grid. While a SH grid distortion at 5038.6 Hz is added to the grid
voltage. The frequency domain results of the AC-side and the DC-side currents of the
DBR for both scenarios of Study 2 are shown in Figure 17. The SH current at 5038.6 Hz
is transferred as a sideband SH in the DC-side of the DBR, for example, at 4988.6 Hz
and 5088.6 Hz. The aforementioned SH distortion components interfere with the primary
emission component of the PFC boost at 5000 Hz. The resultant is additional LF emissions
appear in the DC-side current at 11.4 Hz and 88.6 Hz. The resultant LF emissions on the
DC side of the DBR are then transferred to the AC side of the DBR based on the DBR effect.
For example, the LF emission at 38.6 Hz is the grid current is a component of the AC-side
reflection of the DC-side component at 88.6 Hz. While the LF emission at 61.4 Hz in the
grid current is resulted from the DC-side component at 11.4 Hz. Tables 2 and 3 sum up the
relationship between grid distortion, primary emission, and added emissions.

o1 X4950 . X5050
10 Y 0.114179 X 5038.6 Y 0.113159
-
Y0.0124074 | » =

10° WL T X 61.4 i
Y 0.0142971 | | | 0 00673678

— .

- D>

—— Under SH
———Under no SH 1
10.10 L L L 1 L L . .

107! 10° 10! 102 10% 10* 10° 4950 5000 5050
(a) Frequency [Hz]

10 ————————1— X114 - X 88.6 T L s 7T

Y 0.0117454 || Y 0.0110505 | - - ol X 5000 ]
17 =16 X 4988.6 Y0.148828 | | x 5088.6
1 Y 0.00910368 | Y 0.0090507

10°F
———Under SH
—Under no SH L 1
10-10 n n 1 " P 1 L 1 " 1ol n ol "
107 10° 10" 107 10° 10* 10°
(b) Frequency [Hz]

4900 4950 5000 5050 5100 5150

Figure 17. Simulation results of case study 2 at R, = 600 (), a comparison between a PFC boost
converter exposed to a SH free grid voltage and the same PFC boost exposed to a distortion in the
grid voltage at 5038.6 Hz. (a) The grid current, and (b) the inductor current.
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The output resistance is changed from 600 () to 100 () in order to compare the interfer-
ence and the added emissions between PFC boost with different loading conditions. Then,
scenario 2 of study 2 is performed for both loading conditions, while scenario 1 of study 2
is with the same results shown in Figure 15. The results of the comparison are shown in
Figure 18. It is clear from the results that The SH primary emissions are almost the same
for both loading conditions. In addition to that, the added emissions are detected at the
same frequencies but with different amplitudes.

10°F
S fom——
- — 4 Under SH at R =100Q
_ = Under SH at R0=6000
10—1[) T I I I i
10" 10° 10" 10° 10° 10! 10° 4950 5000 5050
(a) Frequency [Hz]
0 -
10 e RS S )
ke
E L o—e-6-00caERY) % s
- —« Under SH at R =100Q
—= Under SH at R =600Q | .
10—10 I I I I I i e T )
107 10° 10! 102 10° 10* 10° 4900 4950 5000 5050 5100
(b) Frequency [Hz]

Figure 18. A comparison between a PFC boost converter exposed to a distortion in the grid voltage at
5038.6 Hz under different loading conditions. (a) The grid current, and (b) the inductor current.

3.3. Experimental Study

The two case studies in the simulation were conducted experimentally in order to
verify the analysis and the simulation results. The following subsections provide the
experimental verification of case studies 1 and 2. Before going to the two case studies, the
measured time data is first discussed to show the performance of the system. Figure 19
gives the experimental data of the output voltage at the steady state, which confirms the
good performance of the output voltage loop controller.

— 100 - .
2.
=]
> 50 ]
0 I I | I
0 0.2 0.4 0.6 0.8 1

Time [Sec.]

Figure 19. Experimental data of the output voltage of the PFC boost.

The experimental data of the inductor current is as shown in Figure 20. It is clear from
the results that, the inductor current has a rectified shape. This, in turn, confirms the inner
loop controller operation. As a result, the input current in the AC-side of the DBR follows
the sinusoidal shape of the input voltage as shown in Figure 21.
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Figure 20. Experimental data of the PFC boost inductor current.
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Figure 21. Experimental data of grid voltage and current at the PFC boost input terminals.

3.3.1. Case Study 1: Grid Voltage Distorted with a SH Component at 5029 Hz

In this study, Scenario 2 is conducted by adding a SH voltage component to the grid
voltage at 5029 Hz with an amplitude of 5% of the grid voltage one. Then, scenario 2 is
compared with scenario 1, where no SH distortion is added to the grid. The experimental
results of the inductor current, which is the DBR DC side current, and the grid current,
which is the DBR AC side current, are shown in Figure 22 for both scenarios. It is obvious
from the results of scenario 2 that the 5029 Hz component appears as a band in the DC
side of the DBR, for example, at 4979 Hz and 5079 Hz with Af; and Af; equal to 21 Hz
and 79 Hz, respectively. Then, additional LF emissions are measured at 21 Hz and 79 Hz
in the inductor current, which is not seen in scenario 1. The added LF emissions are then
transferred through and affected by the DBR. Consequently, additional emissions at 29 Hz
and 71 Hz are detected in scenario 2 grid current. Following Equation (4), the component
at 29 Hz is an AC side component of the DC side emission at 79 Hz. While the one at 71 Hz
is an AC side component of the DC side emission at 21 Hz. The additional emissions and
their relationship with the grid distortion and the primary emissions of the PFC boost are
summarized in Tables 2 and 3.

3.3.2. Case Study 2: Grid Voltage Distorted with a SH Component at 5038.6 Hz

Scenario 1 of study 2, where there is no SH distortion in the grid, is compared with
scenario 2, where a SH voltage component at 5038.6 Hz is added to the grid voltage with
5% amplitude of the grid one. The experimental study results of this study in the frequency
domain are shown in Figure 23. In scenario 1, no additional emissions are measured in the
AC and DC side currents of the DBR. However, adding a SH distortion at 5038.6 Hz to the
grid leads to measuring additional emissions in the grid and inductor currents of the PFC
boost. As discussed in Section 2, The AC side component at 5038.6 Hz is converted into an
infinite number of components at the DC side; for example, at 4988.6 Hz and 5088.6 Hz
with Af; and Af; equal to 11.4 Hz and 88.6 Hz, respectively. Then, additional emissions
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appear at 11.4 Hz and 88.6 Hz in the DC side current. These components flow towards
the grid and are affected by the DBR. This, in turn, contributes to the additional emissions
in the AC side current. For example, the additional emission at 38.6 Hz is a result of the
DC component at 88.6 Hz. While the one at 61.4 Hz is an AC side component of the DC
emission at 11.4 Hz. Tables 2 and 3 show the relationship between the additional emissions,
the grid distortion, and the primary emissions of the PFC boost.
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Figure 22. Case study 1 is a comparison between a PFC boost converter exposed to a SH free grid
voltage and the same PFC boost exposed to a distortion in the grid voltage at 5029 Hz. (a) The grid
current, and (b) the inductor current.
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Figure 23. Case study 2 is a comparison between a PFC boost exposed to a SH free grid voltage and
the same PFC boost exposed to a distortion in the grid voltage at 5038.6 Hz. (a) The grid current, and
(b) the inductor current.

4. Conclusions and Future Work

In this paper, the effect of a distorted grid voltage in the SH range on the AC/DC
converters has been studied. It has been found that the SH current generated from the
distorted grid is reflected as a sideband of SH components in the DC side of the PFC boost
converter directly after the DBR. The DBR function is the main reason for that phenomenon.
These SH components in the DC side of the DBR interfere with the switching harmonics of
the AC/DC converters in the SH range, resulting in additional emissions in the LF range.
The additional emissions are transferred through and affected by the DBR. This results in
the occurrence of LF components, both sub- and interharmonics, at the AC side current
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of the AC/DC converters. The study was conducted by implementing a dSPACE-based
setup for a PFC boost as an example of AC/DC converters, and the results obtained were
analyzed in a MATLAB software environment.

This work can be extended in the future to fulfill the following:

O  Developing a mathematical modeling approach to calculate the additional emissions
resulting from the interference between the background voltage distortions in the
SH range and the primary emissions of AC/DC converters. However, developing
this mathematical model still faces many challenges [30], such as the grid impedance
model in SH range still being simulation-based. However, obtaining a mathematical
modeling approach in SH range for the grid is essential to predict the amplitudes and
phases of this additional emissions which is still missing in literature [30].

O  This study will include the experimental interference in high-power AC/DC convert-
ers by taking into account the effect of the equivalent series resistance on the primary
emissions of such converters.

O  Studying the effect of the continuous, critical and discontinuous modes on the primary
emissions of AC/DC converter as is still missing in the literature [33]. This could
help side by side with the grid modeling approach in predicting the effect of the
aforementioned modes on the interference.
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Abbreviations

The following abbreviations are used in this manuscript:
DBR diode bridge rectifier

EMI  electromagnetic interference
EV electric vehicles

GCI  grid connected inverters
LED light emitting diode

LV low voltage

PE power electronics

PFC  Power Factor Correction

RC ripple control

SH supraharmonic

VFD  variable frequency drives

Variables

The following variables are used in this manuscript:

fe Grid frequency

fsH The frequency of the SH current generated from the background distortion
Ly(sm) The amplitude of the SH current generated from the background distortion
lo(SH) Instantaneous SH current generated from the background distortion
ipc(sg)  The instantaneous reflection of iy (spy) in the DC side of the DBR

UDBR Diode bridge rectifier
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