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Abstract: Road lighting systems require a significant amount of electric energy. To compensate for
the utilized energy, the concept of a nanogrid road lighting system is presented. A solar panel is
installed on the top of a lighting pole to generate electric power. In this research, a photovoltaic
simulator (PV simulator), which is used to simulate solar behavior such as current, voltage, and
power based on temperature and solar irradiance levels, is employed to replace a solar panel. In the
nanogrid system, grid-connected and stand-alone micro-inverters are employed to convert the
electric power. The inverters comprise switching devices that can generate electromagnetic
interference (EMI) when operating, which is harmful to the grid system and the electrical
equipment. In general, EMI has been studied and reduced in electrical appliances, which only
receive electric power. However, for the nanogrid system, which supplies electricity to the grid
system, there is less study on the EMI topic because the usage is still not widespread. In the future,
the nanogrid system will be widely used delivering high power directly into the electrical grid
system. Therefore, the study and attenuation of EMI in the nanogrid system are very promising.
Conducted emission (CE) is one form of EMI that flows through a cable connecting several
appliances in the frequency range of 150 kHz to 30 MHz. CE of grid-connected and stand-alone
micro-inverters have high levels in the low-frequency range between 150 kHz-5 MHz and then
decreases steadily. CE attenuation is important for this inverter in a solar power system. This
research studies the effect of CE mitigation on the nanogrid system. The result is compared with the
Comité International Spécial des Perturbations Radio (CISPR) 14-1 standard. Finally, the passive
EMI filter can reduce CE and meets the CISPR 14-1 standard.

Keywords: common mode (CM); conducted emission (CE); differential mode (DM); electromagnetic
interference (EMI); ferrite bead; nanogrid system; passive EMI filter; photovoltaic simulator (PV
simulator); grid-connected micro-inverter; stand-alone micro-inverter

1. Introduction

While road lighting systems require a high amount of power to operate, it is vital for road users
to be able to detect people, vehicles, and other objects after sunset. A large number of lighting poles
are required to illuminate roads sufficiently, and the distance between them should be minimized.
The concept of creating a nanogrid road lighting system has been presented in several research
studies [1-13]. The combination of power-generation and electrical-load systems results in a concept
referred to as a nanogrid system [1], as shown in Figure 1. During the day, the solar panel generates
electric power and supplies it to a battery or the grid system, either to sell or to compensate for the
electric power used during the night time. In Figure 1a, the solar panels on the road lighting poles
are spaced 36 m apart with a single-side arrangement. Each pole is attached to a 300 W solar panel.
Thus, a nanogrid system of 1 km is equivalent to a solar farm installation of 135 m?. However, if the
nanogrid road lighting system is staggered in the opposite manner, it would be equivalent to a solar
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farm area of approximately 270 m2. Therefore, if this nanogrid is installed over a long distance, it will
eliminate the need for a solar power plant, which would waste land that could be used for agriculture
or forestry. A solar farm of 1 MW requires approximately 16,000 m?, which is equivalent to 60 km in
this system. In addition, this nanogrid system enhances stability in the electrical system and can be
installed in a city or a nearby area to reduce power losses in the transmission and distribution lines.

The concept of a nanogrid system is the combination of solar power to a road lighting system,
as shown in Figure 1. The nanogrid system uses a solar power system to generate electric energy,
which is then either sold to the grid system or supplied to compensate for the electric power used for
the road lighting system. During its normal daytime operation, shown in Figure 1b, the solar power
system is connected to the electrical grid via the grid-connected micro-inverter, or sent to the battery.
At night, the system supplies electric energy from the electrical grid or the battery to the road lighting
system.

The solar power system is connected to the electrical grid system with an inverter. If the inverter
is not effective, it will cause power quality problems to the electrical grid system. In Thailand, two
agencies are responsible for the electricity distribution system —The Provincial Electricity Authority
(PEA) and The Metropolitan Electricity Authority (MEA). The inverter must meet the
aforementioned measurement and certification requirements to be able to be connected to the grid
system and sell electricity, and the inverter manufacturer can register the inverter. However, these
requirements are not measured in terms of electromagnetic interference (EMI), which is very
important for the inverter because it is a switching device.

A grid-connected inverter consists of numerous switching devices, which rely on a switch and
a clock. Both the switch and the clock can produce high-frequency noise (referred to as EMI), which
constitutes a severe problem in several power applications, particularly in electronic and electrical
equipment such as motor drivers, communication devices, and power inverters. EMI can be
accompanied by conductive high-frequency currents or even higher-frequency electromagnetic
waves. EMI causes several electrical problems, such as disturbances in the communication system,
interference of electrical equipment connected with a conductor, and interference in the electrical
protection device. Regarding the grid connection, the power quality and the EMI need to be
considered because noise from the solar power system can enter the grid system and affect other
electronic and electrical devices connected on the same line.

Therefore, EMI is detrimental to the electrical system and should be reduced before the system
is connected to the grid system. EMI can be divided into two frequency ranges—conducted EMI
within the frequency range of 150 kHz-30 MHz, and radiated EMI within the frequency range of 30
MHz-1000 MHz. Conducted EMI can be divided into two types of transmission; immunity and
emission. Conducted emission (CE) is the EMI, which is created by the object and is transmitted
through the power line. This can potentially cause problems since power cords are connected to the
entire power distribution network [14,15]. The CE is categorized as common-mode (CM) and
differential-mode (DM) [14,15]. The CM originates from the line and neutral wires of the same
magnitude with a direction to the ground wire. DM noise flows from the line to the neutral wire with
the same magnitude but in the opposite direction [16]. Therefore, to analyze the EMI reduction in
grid systems caused by the inverter accurately and reasonably, the CE in multiple signal formats,
including the CE (total mode), CM, and DM, should be considered.

Grid-connected and stand-alone micro-inverters contain switching devices that can generate the
CE, which is dangerous to the grid system and the electrical equipment. In general, EMI has been
studied and reduced in electrical appliances, which only receive electric power. However, for the
nanogrid system, which supplies electricity to the grid system, there is less study in the EMI topic
because the usage is still not widespread. In the future, the nanogrid system will be widely used and
delivers high power directly into the electrical grid system. Therefore, the study and attenuation of
EMI in the nanogrid system are very promising. Therefore, this research studies the CE attenuation
method for grid-connected and stand-alone micro-inverters in the nanogrid system of a conventional
road lighting system.
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This paper is organized as follows: In Section II, several research studies will be reviewed and
analyzed to be used as a guideline for the present work. In Section III, the experimental setup in the
laboratory, and the equipment placement in the test room of the solar power system will be
presented. In Section IV, the base case conducted EMI of the experiment is measured in the shielded
room; in Section V, five EMI filters will be designed using two circuit formats. In Section VI, the EMI
attenuation using EMI filters will be compared in terms of the total CE, CM EMI, and DM EMIL
Finally, the conclusions will be presented in Section VII.
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Figure 1. The road lighting system: (a) Outline of the nanogrid road lighting system; (b) The operation
of the nanogrid road lighting system.

2. Literature Review

The CE causes significant electrical damages and communication malfunctions in many systems
[17-24]. To reduce the CE, there are several methods [18-34] with different signal attenuation
patterns. Each electrical system has different CE characteristics, so the CE attenuation method must
be appropriately chosen for each system. The CM inductor was mentioned in the work of Hedayati
and John [18], in which a 940 pH boost inductors and a 2.75 mH Integrated CM Inductor (ICMI) were
used to reduce ground leakage current and EMI for a 5 kW single-phase power converter. The
proposed inductor can attenuate CM and DM at low frequencies simultaneously. Jettanasen [23]
presented a CM attenuated by a passive EMI Filter in an adjustable-speed alternating-current (AC)
motor drive. The optimized EMI filter was compared with a commercial EMI filter; the optimized
CM filter reduced CM more effectively than the commercial EMI filter used in this study. The
optimization method can be applied for various filter structures (L, T, or I'l; a single-stage or more)
positioned at the input or output of the power converter. In the research of Akagi et al. [20], the CE
of an inverter-driven motor was investigated. Maillet et al. [22] presented strategies to reduce both
the DM and CM using a passive EMI filter in a DC-fed motor drive. A new integrated inductor
structure was proposed, in which both CM and DM inductances were integrated, taking advantage
of the available window area of the CM choke. Typically, the integrated inductor structure comprises
a larger DM inductance than the multilayer winding structure owing to the existence of a DM core;
therefore, the filter with this type of structure is more suitable for a power electronics system with
high DM noise. When the DM noise is sufficiently low, such that a multilayer winding structure can
provide enough DM inductance for DM noise attenuation, a multilayer winding structure would be
a better choice. The minimization of EMI using passive filters was studied in [25], with a focus on the
equipment in the filter. A study was conducted on the distribution of electromagnetic fields around
the CM choke co-ordinates on a three-dimensional axis at 500 kHz, 20 MHz, and 30 MHz; it was
found that the CM choke orientation affected the attenuation performance. Kotny et al. [26] presented
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a new design method of EMI filters for power converters using high-frequency models of passive
components. To reduce CE, EMI filters were used. In general, the design of such filters is very
difficult, because it requires complete mastery of the design process. A new EMI-filter design method
based on the optimization of stray elements was proposed, and. it was based on the analysis of
conducted EMI, which had been induced by a DC-DC converter. Kumar et al. [28] proposed the use
of an inductor, choke, and pi filters to reduce the CM and DM noise of conducted EMI. The inductor
and choke filter removed the CM noise, and the pi filter removed the DM noise. In the research of
Giglia et al. [28], the automatic EMI filter design for the power converters was presented. Two study
cases (induction motor load and resistive load) were investigated for minimum volume and weight
EMI filter. The CE attenuation result respect the standard limit, and EMI filters weight/volume were
halved from the commercial filter. In Zhu's research [29], the CE of the boost power factor correction
converter was reduced by passive EMI filter compared with the EN55014-1 standard. CM and DM
were analyzed and discussed in detail to design the EMI filter. The research of Subramaniam et al.
[31] presented the CM reduction in the three-phases grid-tie inverter. The result showed that the
harmonic injection method reduced CMV and CMC by 60%. The active power filter (APF) was used
to suppress the DM in the nonlinear load power system in the research of Yu et al. [32]. The harmonic
problem was solved by the APF shunt and the maximum frequency deviation equal to 800 Hz. Zhai
et al. [33] presented CE prediction and mitigation strategies based on the transfer function of a high-
low voltage DC-DC converter in electric vehicles. The system was simulated by the Matlab software
and Computer Simulation Technology (CST). The CE was lower than the limit of the CISPR 25
standard (GB/T 18655-2010). The comparison between the proposed study and past research is
summarized, as shown in Table 1.

Table 1. Comparison of literature reviews.

Reference Focus on Attenuation by Applied Device
20, 23, 26, 2 E
0 3;)2 6,28, ( CM(éz DM) Passive EMI filter Power converter
31 CE Passive EMI filter Linear and
non-linear load
27,33 CE Passive EMI filter -
22 CE CM inductor Single-phase

power converter

30 CE Inductor, choke, i

P1I filter
Three-ph
21, 34 CE Harmonic injection method . re,e 'p ase
grid-tie inverter
35 CE Active power filter -
. High-low voltage
36 CE Transfer function DC.DC converter
o4 CE Motor drive
inverter
This research CE Grounding, Ferrite beads, Passive grld—conneaclt;clleand stand-
(CM & DM) EMI filters

micro-invertert

For this research, the CE attenuation for grid-connected and stand-alone micro-inverters was
presented to reveal the suitable CE reduction method for the solar power system in the nanogrid
system of the road lighting system. In the literature reviews, there have less the CE attenuation for
grid-connected and stand-alone solar power systems and the effect of each CE attenuation parameter.
Therefore, this work applied the CE attenuation methods, which are the popular methods to consider
the effect of each method and compare each CE attenuation parameter of passive EMI filters to the
CE attenuation.
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3. The Conducted Emission Measuring Method

The CE was measured in a shielded room. As shown in Figure 2, the arrangement of the
equipment conforms with the CISPR 14-1 standard [17-21,35-38]. The shielded room consists of a
measuring zone (in front of the shielded room) and an operating zone (inside the shielded room).
The measured signals are received by an EMI receiver and then, by a computer (Numbers 3 and 4 in
Figure 2a). Next, they are shown on an EMI display (Number 2 in Figure 2a). A closed-circuit
television (CCTV) system is used to monitor the shielded room during the test, as shown in Number
1 of Figure 2a.

In the operating zone, the experimental setup is placed on a wooden table [21]. Three-phase
alternating current is supplied to the PV simulator (8 in Figure 2b,c) for DC power generation. A
laptop (5 in Figure 2b,d) is used to control the PV curve and the irradiance profile of the DC. Next,
the DC is sent to the inverter (9 in Figure 2¢,d)) and is converted into a single-phase AC. The AC
flows through the EMI block device—which is the line impedance stabilization network (LISN) (6 in
Figure 2b,d)—to the electrical grid. The LISN is used to block noise from the electrical grid system
and send them to the ground via the ground plate, as shown in 7 in Figure 2b,d.

This research is focused on the EMI attenuation method; therefore, the EMI canceling devices,
which consist of ferrite beads and passive EMI filters, are used to attenuate the CE, as shown in 10
and 11 in Figure 2c,d. The attenuated CE signal is measured at the output of the EMI canceling devices
using a passive probe and a radio-frequency current probe (RF probe). The passive probe measures
the CE, as shown in 13 in Figure 2d. The RF probe measures the CM and a DM, as shown in 12 in
Figure 2c.

1. CCTV Display
2. EMI Display
3. EMI Receiver
4. Computer case

(a)

5. Laptop computer
6. LISN

7. Ground plate

8. PV simulator
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8. PV simulator
9. Micro inverter
10. Ferrite beads
11. EMI filter

- 12. RF probe

5. Laptop computer
6. LISN

7. Ground plate

8. PV simulator

9. Micro inverter
10. Ferrite beads
11. EMI filter

13. Passive probe

(d)

Figure 2. Equipment placement in the shielded room. (a) Shielded room of the Conducted Emission
(CE) test. (b) Experimental setup in a shielded room. (c) Equipment layout in the CE test [21]. (d) The
actual shielded room during the test.

Regarding CE tests, CE standards are very important to domestic and international customers.
The CE magnitude was compared with the one prescribed in the CE standard, which depends on the
type of tested device and the country of the customer. In each country, most commercial products
must conform to several standards, such as the International Standard, European Standard, and the
Thai Industrial Standard (TIS). In this research, the Household Appliances, Electric Tools, and Similar
Apparatus Standard (CISPR14-1) was employed [34] to be compared with the results because the CE
was measured at the AC side, which met this CISPR14-1 standard. The CISPR14 [34] and EN55014
[15] standards provide approximate values; however, the CISPR 14-1 standard provides a lower
value. Therefore, if signals would meet the EN55014, they would meet the CISPR 14-1 as well. The
CISPR14-1 and EN55014-1 standards are listed in Tables 2 and 3, respectively, in terms of the quasi-
peak line (QP) and the average line (AV).

In this research, the grid-connected inverter was assumed to be the cause of CE in the solar
power system. To prove this assumption, the CE of the input and output of the inverter was measured
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to ensure that the CE results of this work were generated by the grid-connected inverter alone. DC
from the PV simulator (Figure 3a) and single-phase AC from the shielded room (Figure 3b) —which
are the input and output side of the inverter, respectively —were measured to be compared with the
EN 55014-1 standard [15]. It was found that the CE from both sides was lower than the one of the
EN55014-1 standard within the 150 kHz-30 MHz range. Within the 15-27 MHz range, the EMI of the
DC signal (the input of the inverter) rippled to 37 dB(uV); however, it slightly affected the results of
this research. The limit of the EN55014-1 standard is lower than that of the CISPR 14-1. If the CE
meets the EN 55014-1 standard, it will meet the CISPR 14-1 as well. Therefore, this would ensure that
the resulting CE would have only been caused by the grid-connected inverter.

Table 2. Comparison of the results with the Comité International Spécial des Perturbations Radio
(CISPR) 14-1 standard [34].

Frequency Range Quasi-peak Average Level
MHz) . Level (dB(uV)) . (dB(uV))
Linear Level Scale with Decade Frequency Scale
0.15-0.50 80-74 70-64
0.50-5.00 74 64
5.00-30.0 74 64

Table 3. System calibration before test using the EN55014-1 standard [15].

Fr nev Ran Quasi-peak Average Level
eq“;{g ange Level (dB(uV)) (dB(uV))
z
( ) Linear Level Scale with Decade Frequency Scale
0.15-0.50 66-56 59-46
0.50-5.00 56 46
5.00-30.0 60 50
(@3 (pv))
70
N
6o | T '
so;\;\:\:""' : R
g a0 | :
30 : .
20 — :
10 L H
0.15 0.50  1.00 5.00  10.00 30.00
Freguency [MEZ])

(a)
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Figure 3. The CE of the Photovoltaic (PV) simulator and shielded room: (a) The CE of the PV simulator
from the DC interference measurement point; (b) The CE of the shielded room from the Alternating
Current (AC) interference measurement point.

The CE is classified into two modes: the CM, and the DM. The CM is caused by the CE in phase
and neutral lines flow into the ground line and return to the power source; the DM is caused by the
CE from the phase line flows into the neutral line and return to the power source by the neutral line.
For the measurement of both the CM and the DM, a Radio Frequencies (RF) current probe (10 kHz-
1 GHz) was used to hook the phase line and the neutral line to the AC output side of the micro-
inverter, as shown in Figure 4.

Sg

Common mode Differential mode

(b)

Figure 4. Measurement of CM and Differential-Mode (DM): (a) An RF current probe (10 kHz-1 GHz);
(b) Measurement method for the CM and DM.

4. The Conducted Emission of the Grid-Connected System

The grid-connected system in the nanogrid system was simulated by means of an experimental
setup, as shown in Figure 5. A solar panel was replaced by a PV simulator as a DC supply. The DC
is converted into AC via a single-phase grid-connected micro-inverter and then sent to the electrical
grid system. The inverter consists of several switching devices. Different switching frequencies can
cause EMI in the electrical grid system. The CE within the frequency range of 150 kHz-30 MHz
accounts for most of the EMI generated from the solar power system with inverters. Therefore, this
research is focused on CE attenuation of the single-phase grid-connected micro-inverter.
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Grid-connected
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Road lighting
lamp

PV simulator is
used instead of
a solar panel

Figure 5. The experimental setup of a solar power system.

The power quality of this system depended on the inverter output; it is 223 V 0.83 A 50.009 Hz
alternating current. Voltage harmonics of this system were compared with the power grid system
connection requirements of the Metropolitan Electricity Authority (MEA), as shown in Table 4. The harmonic
results showed that all orders of the voltage harmonic passed the power grid system connection requirements
of the Metropolitan Electricity Authority (MEA), and the total harmonic distortion voltage is 1.1 percentage.
Therefore, the power quality of this inverter passed the standard for the grid-connected system; the CE was
considered next.

Table 4. Voltage harmonics of the grid-connected micro-inverter output.

Result Limit Standard Result Limit Standard
Order Voltage Voltage Harmonic ~ Order Voltage Voltage Harmonic
Harmonic (%) (%) Harmonic (%) (%)
DC 0.000 0.500 THDv 1.100 5.000
1 100.000 100.000 26 0.000 0.150
2 0.000 1.000 27 0.000 0.600
3 0.200 4.000 28 0.000 0.150
4 0.000 1.000 29 0.000 0.600
5 0.900 4.000 30 0.000 0.150
6 0.000 1.000 31 0.000 0.600
7 0.500 4.000 32 0.000 0.150
8 0.000 1.000 33 0.000 0.600
9 0.100 4.000 34 0.000 0.150
10 0.000 1.000 35 0.000 0.300
11 0.300 2.000 36 0.000 0.075
12 0.000 0.500 37 0.000 0.300
13 0.200 2.000 38 0.000 0.075
14 0.000 0.500 39 0.000 0.300
15 0.100 2.000 40 0.000 0.075
16 0.000 0.500 41 0.000 0.300
17 0.100 1.500 42 0.000 0.075
18 0.000 0.375 43 0.000 0.300
19 0.000 1.500 44 0.000 0.075
20 0.000 0.375 45 0.000 0.300
21 0.000 1.500 46 0.000 0.075
22 0.000 0.375 47 0.000 0.300
23 0.000 0.600 48 0.000 0.075
24 0.000 0.150 49 0.000 0.300

25 0.100 0.600 50 0.000 0.075
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4.1. The EMI Filter Design for the Grid-Connected System

Grounding and ferrite beads can reduce the CE slightly. Each method affects the CE within a
different frequency range; therefore, the design of an appropriate filter is highly important. In this
research, five passive EMI filters were designed by using two circuit configurations (with and
without DM choke; Lbwm), as shown in Figure 6.

The CE was divided into two modes: the CM and DM. The CM was attenuated using a CM
choke (Lcm) and two CM capacitors (Cy). The DM was attenuated using two DM chokes (Lowm), two
DM capacitors (Cx), half of the CM capacitor ((1/2) x Cy), and leakage inductance of the CM choke
(Lieakge) [28]. The half of the CM capacitor ((1/2) x Cy) yields a very small value compared with that of
the DM capacitor; hence, it was not used to calculate the EMI filter.

Lo Lowa Low
R L I—I L R’ R GI I R
=0 =C;
G Cum= :ER =0y oG’ = :E E = oG’
q b 4'__ . G °1_ s R 'F
E— =C,
° °
” bl Tl ¥ ¥
L) Lo
fone Low Low

=

(@)

Figure 6. Two passive Electromagnetic interference (EMI) filter forms: (a) A passive EMI filter with a
DM choke; (b) A passive EMI filter without a DM choke.

For the EMI filter design, the circuit form depicted in Figure 6 was selected. All parameters were
first calculated from the CM, as shown in Figure 7 because the CM choke (Lcm) affected the leakage
inductance (Lieakge), which was used to calculate the DM choke (Lom). Therefore, the design step is
important to avoid the overvalue of parameters.

The CM calculation starts by setting the cut-off frequency from the CM graph result before CE
attenuation, as indicated by Step 2 in Figure 7, and by selecting the CM capacitance (Cy). The CM
capacitor should be a ceramic capacitor of less than 3.3 nF. Then, as per Step 3 in Figure 7, the CM
choke (Lcwm) is calculated according to Equation (1) [16,38].

2

1 1
L. = X (1)
o 27 from 2C,

Next, the leakage inductance of the CM choke (Lieakge) is estimated from the CM choke (Lcw). The
value of the leakage inductance is approximately 0.5-2% of that of the CM choke [39,40,41] (typically,
approximately 1.5%), according to Equation (2) [16,38].

1.5x L
leakage = 1 OOCM (2)

The DM calculation starts by setting the DM cut-off frequency and by selecting the DM
capacitance (Cx). The DM inductance (Lp) is calculated according to Equation (3) [16,38] as indicated
by Step 4 in Figure 7.

2

Lo 5

Zﬂ-fR,DM Cy

As shown in Equation (4) [16,38], the value of the DM choke is half of that of the difference
between the DM inductance and the leakage inductance.
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— LD - Lleakage (4)
DM 2
Finally, as per Step 5 in Figure 7, the resistance is calculated using Equation (5) [16,38] for the
discharge DM capacitors in the filter.

1

R=—"r 5)
2.21C,

Which

frem is the cut-off frequency of the CM (Hz)

from is the cut-off frequency of the DM (Hz)

Lem  is the CM chock (H)

Lieakge is the leakage inductance of the CM chock (H)
Lom is the DM chock (H)

Lp  is the DM inductance (H)

Cy is the CM capacitor (F)

Cx  is the DM capacitor (Cx= Cx1= Cx2) (F)

R is the resistor (Q)
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and calculate CM inductor

A
Calculate leakage inductance,
select DM capacitor, Step 4

and then calculate DM inductor

A

9

A

Calculate resistor | Step 5

End

Figure 7. Design process diagram of passive EMI filters.

The EMI filters are calculated using Equations (1)-(5). The following parameters are listed in
Table 5; The CM and DM cut-off frequencies (fremand from), CM choke (Lem), CM capacitance (Cy),
the leakage inductance of the CM choke (Licakge), DM choke (Lom), DM capacitance (Cx), and the
resistance (R).

Five models of passive EMI filters were designed in two configurations by using different
parameters to compare the effects of the CE, as summarized in Table 6. The CM and DM in the CM
and DM graph result before CE attenuation are used to find the cut-off frequencies of the CM and
DM (frcm and from); then, the parameters are calculated using Equations (1)-(5). The EMI filter
without Lowm is used in Models 1 and 2, as shown in Figure 8. The Lieakege is used as Lom to reduce the
EMI filter size. On the other hand, Models 3, 4, and 5 use the EMI filter with Lom, according to
[16,38,40], as shown in Figure 9. The present research focuses on finding a suitable EMI filter circuit
to reduce the CE of the single-phase grid-connected inverter in the solar power system. Therefore,
the parameters of each EMI filter were compared to study the CE attenuation effect.

Table 6 summarizes the comparison of each EMI filter for each case. The comparison is divided
into two cases: 1. a passive EMI filter with and without Lom, and 2. the reduction in the value of certain
parameters. In the first case, the CE attenuation of two EMI filter pairs in Table 6 is compared, which
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each pair of EMI filters almost haas the same parameters; however, one filter has Lom, and the other
has no Lowm to study its effect on CE reduction. The effect of Lom on the CE attenuation is shown by
comparing the CE attenuation results of each pair. The effect of R on the CE attenuation is shown by
comparing the CE attenuation results between two pairs. In the second case, certain parameter values
are reduced to half or one-third to study the effect of each parameter on CE reduction.

DM capacitors (Cx) were used in the class X2 capacitor, and CM capacitors (Cy) were used in
class X1/Y1 capacitors, according to the IEC 60384-14 standard. In addition, a resistor was installed
parallel to the DM capacitor (Cx) in certain circuits to improve the capacitor transfer capacitance.
Each filter responses to the CE attenuation in different frequencies. The attenuated results of each
EMI filter are shown in terms of the CE (measured with a passive probe), CM, and DM (measured
with an RF current probe) and were compared with the CISPR 14-1 standard in Section V to identify
the best EMI filter for this system.

Table 5. Parameters of passive EMI filters.

Passive EMI Filter Model

Parameters of Passive EMI Filters Without Lom With Lom
1 2 3 4 5
from (kHz) 16.37 30.75 17.02 33.42 30.74
from (kHz) 14.25 35.67 9.35 23.86 15.99
Lem (mH) 14.51 6.04 17.22 3.42 6.04
Licakege (UH) 218.00 90.60 258.00 50.13 90.60
Lom (nH) 0.00 0.00 179.61 74.67 180.00
Cx (uF) 0.57 0.22 0.47 0.22 0.22
Cy (nF) 3.26 222 2.54 3.32 2.22
R (M.ohm) 0.00 1.00 0.00 1.00 1.00

Table 6. The comparison of passive EMI filter parameters.

Topic Model Same Different Note
land3 Lom, Cx, Cy Lom Model 1 have no Lom and R
With and without Lom
Lom, Cx,
and R 2and 5 Lpm Model 2 has no Lom
Cy, R
Lcm and Lom of model 4
4and5 Cx Cy, R Lewm, Lom
are half of model 5
Lem, Cx, Lem, Cx, and Cy of model 2
Reduce some parameters 1 and 2 Lowm

Cy, R are half of model 1

Lcm, and Cxof model 5 are
3and 5 Lom, Cy Lov, Cx, R
one-third of model 3
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Figure 8. The model 1 of the passive EMI filter: (a) Top side of the passive EMI filter; (b) Perspective
of the passive EMI filter.

From
inverter

@)

Figure 9. The model 5 of the passive EMI filter: (a) Top side of the passive EMI filter; (b) Perspective
of the passive EMI filter.

4.2. The Conducted Emission Attenuation of the Grid-Connected System

4.2.1. Conducted Emission

The CE of the nanogrid system was measured at the AC interference measurement point and
was then compared with the CISPR 14-1 standard [34]. In Figure 10, the CE of the nanogrid system is
represented as three different lines: the system without an attenuating device (solid blue line), the
system with grounding (dashed red line), and the system with grounding and ferrite beads (dotted
green line). The CE, which is depicted as a solid blue line in Figure 10, exceeds the CISPR 14-1
standard within the frequency range of 150 kHz-5 MHz. Therefore, the EMI attenuation is expected
to increase the stability of the electrical system.

The CE can be attenuated using several methods, such as grounding, ferrite beads, and EMI
filters. In the literature, only one EMI attenuation method is presented per research paper, often with
a focus on EMI filters (passive, active, or hybrid EMI filters). Most research papers do not present the
combination of several methods; however, the present research is focused on the characteristics of
the CE attenuation using previously mentioned three methods, which are popular, simple, and
inexpensive. To demonstrate the effect of relative attenuation, the CE attenuation methods were
added sequentially. First, the grounding was connected to the ground line of the single-phase AC
side and to all the frames of the equipment. The dashed red line in Figure 10 demonstrates that the
CE with grounding shifts to lower frequencies; however, the CE slightly decreases.

The dotted green line in Figure 10 shows that ferrite beads are added to the output cable of the
grid-connected inverter. Ferrite beads are used as a CM choke; they can reduce the CE in the
frequency range of 1.5-20 MHz. Ferrite beads reduce the CE from 100 to 67 dB-(uV) at 2 MHz;
however, the CE exceeds the CISPR 14-1 standard in the frequency range of 0.15-2 MHz. In Figure
11, the ferrite-bead winding fluxes have the same magnitude but the opposite direction from the DM
current; hence, they cancel each other.
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120 . : —_— : : —_— :
e ——Without ground, ferrite bead, and EMI filter

- = = With ground / Without ferrite bead and EMI filter ||
---------- With ground and ferrite bead / Without EMI filter

110

100 -

90 -

80

70

Level (dB(uV))

60 [

50 -

40 : : —
108
Frequency (Hz)

Figure 10. The conducted emission attenuation by grounding and ferrite beads.

Pcm
Pcm
From L Lok g LWL ' To Filter
Inverter N; Ny N SN N N & Load
(a) (b)

Figure 11. Wiring of ferrite beads: (a) an actual ferrite bead model; (b) CM and DM parameters of
ferrite beads.

The CE attenuation using passive EMI filters in the nanogrid system is shown in Figure 12a. The
CE with ferrite beads without an EMI filter (solid blue line with stars in Figure 12a) exceeds the CISPR
14-1 standard within the 0.15-2 MHz range and has a maximum value of 115 dB(uV) at 0.15 MHz.
Therefore, passive EMI filters were employed to reduce the CE in this particular frequency range.

Five models of passive EMI filters were designed to reduce the CE; however, the CE attenuation
is different in each model. Models 1, 2, and 3 can reduce the CE by more than 40 dB(uV); thus,
meeting the CISPR 14-1 standard, as indicated by the dotted red line, the dashed-dotted violet line,
and the solid dark-green line in Figure 12a,b Model 2 yields the best EMI attenuation. Although it
does not comprise a DM choke, the result shows that the Model 2 filter can reduce the CE more
effectively. On the other hand, the CE attenuation of Models 4 and 5 is unsatisfactory because the
attenuation does not meet the CISPR 14-1 standard, as indicated by the light-green dotted line with
triangles and the seafoam dot-dashed line in Figure 12a. In Model 5, the CE is increased within the
15-20 MHz range.
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Figure 12. CE with ferrite beads and Models 1 through 5 of the EMI filters: (a) Comparison of CE with
and without each EMI filter; (b) Comparison of CE with Models 1 through 3 of the EMI filters.

4.2.2. Common Mode and Differential Mode

The CM and DM without ferrite beads and EMI filters are represented in Figure 13 as a dashed
blue line and solid blue line, respectively. Their values are high in the low-frequency range, but they
decrease steadily as the frequency increases. The CM values are lower than those of the DM. Next,
the ferrite beads were connected to the system at the AC output side of the micro-inverter. The CM
and DM of the system with ferrite beads are represented in Figure 13 as a double-dashed pink line
and a dotted pink line, respectively; both decrease within the frequency range of 1.5-20 MHz. Figure
11 depicts the wiring of ferrite beads and shows that the DM attenuation is refuted inside the ferrite
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beads; however, Figure 13 confirms that ferrite beads can reduce the values of the CM and DM within
the range of 1.5-20 MHz.

CE decreases satisfactorily using grounding and ferrite beads; however, it still exceeds the CISPR
14-1 standard within the frequency range of 0.15-2 MHz. Therefore, passive EMI filters are required
to reduce the CE further.

100 T T T T T T T T T
= = = CM Without ferrite bead and EMI filter
90 - —— DM Without ferrite bead and EMI filter ||
----- CM With ferrite bead / Without EMI filter
80 K, ~ e DM With ferrite bead / without EMI filter |

70

60

50

40

Level (dB(uV))

30

20

10

0 L 1 L L L TR | 1 L L 1 L MR |
10° 107
Frequency (Hz)

Figure 13. CM and DM for the solar power system with and without ferrite beads.

The aforementioned five passive EMI filters can reduce the CM and DM, as shown in Figure
14a,b. The CM of the nanogrid system with and without the five passive EMI filters are shown and
compared in Figure 14: CM of the nanogrid system with Model 1 (dashed red line), CM of the
nanogrid system with Model 2 (solid green line), CM of the nanogrid system with Model 3 (dot-
dashed violet line), CM of the nanogrid system with Model 4 (dotted pink line), CM of the nanogrid
system with Model 5 (solid blue line with triangles), and CM of the nanogrid system without an EMI
filter (solid brown line with stars). In Figure 14a, the CM attenuation is compared between five EMI
filters; it shows that the attenuation of Models 1, 2, and 3 is more effective than that of Models 4 and
5. The Model 2 filter —indicated by the green solid line Figure 14a—yields the best CM attenuation.
In Figure 14b, the DM attenuation using Models 1 and 3 is more effective than that of Models 2, 4,
and 5. Model 2 presents mediocre attenuation efficiency. Owing to the fact that the testing center in
Thailand does not have standards for CM and DM testing, in this research, the CM and DM were not
compared with the standards.
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Figure 14. CM and DM when each filter is connected: (a) The CM; (b) The DM.

In Table 6, parameters of EMI filters are compared to study the CE attenuation. In the first case,
EMI filter forms are compared between EMI filters without Lom (Models 1 and 2), and the EMI filters
with Lom (Models 3 and 5). The CE attenuation of the EMI filters with and without Lom show that
EMI filters without Lom can reduce the CE more than the EMI filter with Loy, as shown in Figure
15a,b. Therefore, the Lowm is not necessary for passive EMI filters, as shown in Figure 15. Next, the
parameter reduction in the EMI filters was compared in three pairs: the values of Lcew and Lowm of
Model 4 are half of those of Model 5; the values of Lcv, Cx, and Cy of Model 2 are half of those of
Model 1; and the values of Lcm and Cx of Model 5 are one-third of those of Model 4. The results
presented in Figure 16a,b show that the parameter reduction has no significant effect on the CE
attenuation efficiency. While increasing the number of capacitors or inductors does improve the
attenuation, it increases the price of EMI filters, as shown in Figure 16.

Therefore, the most suitable EMI filter for the solar power grid-connected system should be
considered in terms of electromagnetic compatibility and the price of filters. In this research, the
results showed that Model 2 of the passive EMI filter was suitable because it could best attenuate the
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CE in the total mode and the CM. Model 2 had no Lom and the lowest parameter value. Therefore,
Model 2 was small, had a high cut-off frequency, and achieved a good CE attenuation.
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Figure 15. Comparison of CM and DM between the EMI filters with and without different modes
chock (Lom): (a) Comparison of CM between Models 1 and 3; (b) Comparison of DM between Models
1 and 3; (c) Comparison of CM between Models 2 and 5; (d) Comparison of DM between Models 2
and 5.



Sustainability 2020, 12, 151 21 of 32

60 — S A % I ’
L T T O : . |——CMwith EMIfilter 4
---------- CM with EMI filter 5

50

H
o

w
o

Level (dB(uV))

N
o

10

6

Frequency (Hz)
(@

80 ! ! T T T T T T T T T T T T

\ . |——DM with EMI filter 4
70 [\ S B R e DM with EMI filter 5 |

60

[4.]
o

o
o

Level (dB(uV))

w
o

N
o

10

6
10 Frequency (Hz)

(b)



Sustainability 2020, 12, 151 22 of 32

45

T T T T T
= = =CM with EMI filter 1
——CM with EMI filter 2| |

40

(2]
a

w
o

N
a

Level (dB(pV))

N
o

-
)]

10

60 ! — T T T T ! T T T ] !
: A 5 ¢ 1 |- - -DM with EMI filter 1
—— DM with EMI filter 2

50

H
o

w
o

Level (dB(uV))

N
o

10

6
Frequency (Hz)

(d)



Sustainability 2020, 12, 151 23 of 32

S S A B R N I I S S N ,
: : A : : N CM with EMI filter 3
—CM with EMI filter 5

50

40
S
=
&
T 30
°
>
(]
|
20
L ey
10 AL N -

0 i N S S S S O i S S S S A ;

Frequency (Hz)

(e)
O T S S I '

: N ; I DM with EMI filter 3
70— | ——DMwith EMifilter 5| |

60

[$.]
o

H
o

Level (dB(uV))

w
o

N
o

10

7
Frequency (Hz) 10

()

Figure 16. Comparison of the EMI-filter parameter reduction: (a) Comparison of CM between Models
4 and 5; (b) Comparison of DM between Models 4 and 5; (¢) Comparison of CM between Model 1 and
2; (d) Comparison of DM between Models 1 and 2; (e) Comparison of CM between Models 3 and 5;
(f) Comparison of DM between Models 3 and 5.

5. The Conducted Emission of the Stand-alone System

The stand-alone micro-inverter used in this research consists of metal-oxide-semiconductor
field-effect transistor (MOSFET), Integrated circuit (IC) drive circuits (IR2110), microcontroller,
transformer, and harmonic filter, as shown in Figure 17a. The power MOSFET was used to be a power
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conversion gate. 5 V and 12 V voltage sources were supplied to a microcontroller and gate driver
circuit, respectively. Process control commands were used by the microcontroller. The gate driver
circuit amplified the signal from the microcontroller to control the MOSFET. The output voltage was
amplifying to 220 V by a transformer, and a harmonic filter was used to filter harmonic noises. The
actual inverter is shown in Figure 17b.

POWER MOSFET
Transformer
Source H-Bridge
Source
— IR2110 IR2110 Filter
12v
Source
— . Microcontroller Output
()

Figure 17. The stand-alone micro-inverter: (a) Topology of the inverter; (b) Micro-inverter and
incandescent lamp load.

The stand-alone micro-inverter information:

*  The input DC voltage was 24 V.

*  The output AC voltage was 220 Vims.

*  The rated power was 300 W.

*  The alternating output frequency was 50 Hz.

»  The switching frequency of MOSFET was 20,000 Hz.

«  The frequency modulation (mf) was 400 Hz. (20,000 /50)
*  The modulated voltage (ma) was 220 V:ms. (Load)

The micro-inverter was designed by using four IC drive circuits (IR2110), which received the
control signal from the microcontroller. The four control signals were different and consisted of
PWMI1H, PWMIL, PWM2H, and PWM2L that used to control S1, S2, S3, and S4 MOSFET,
respectively.

The purpose system was tested in the shielded room and took a long time, so it was difficult to
use a solar panel as a DC voltage power supply. The 24 V lead-acid battery (two lead-acid batteries
connected in series) was used instead of a solar panel. Next, in the output of the micro-inverter, the
output signal from four MOSFETs had a voltage value from —24 V to 24 V in the form of the 50 Hz
pulse width modulation (PWM). Finally, the output signal was converted into a 220 V:ms 50 Hz single-
phase alternating voltage by the transformer and filtered the harmonic by the passive harmonic filter.
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The passive harmonic filter was used to filter the harmonics of the PWM output into the
sinusoidal waveform. The harmonics of the sinusoidal waveform from order 0 to 10 were shown in
Table 7. In Thailand, there was not a standard for the stand-alone inverter, but there was only
standard for the grid-connected inverter. Therefore, The Power Grid System Connection
Requirements of The Metropolitan Electricity Authority (MEA) was used to compare with the
harmonic test result.

In Table 7, the resulting voltage harmonic was compared with the standard limit voltage
harmonics of The Power Grid System Connection Requirements of The Metropolitan Electricity
Authority (MEA). All orders of the resulting voltage harmonics passed the standard limit voltage
harmonics and the total harmonics distortion voltage (THDv) was 3.035%. Therefore, the harmonic
attenuation was not requested; electromagnetic emission was considered to prove next.

Table 7. Sinusoidal voltage harmonics of the micro-inverter output.

Order Result Voltage Standard Limit
Harmonic (%) Voltage Harmonic (%)
DC 0.034 0.500
1 100.000 100.000
2 0.895 1.000
3 1.955 4.000
4 0.840 1.000
5 0.555 4.000
6 0.595 1.000
7 0.850 4.000
8 0.525 1.000
9 0.680 4.000
10 0.410 1.000
THD: 3.035 5.000

CE was measured at the output of the single-phase stand-alone micro-inverter in this solar
power system. The measurement devices were installed according to the diagram, as shown in Figure
18. The 24 V battery was used as a direct current (DC) power supply and connected to a Line
Impedance Stabilization Network (LISN). The LISN was used to block the CE form unfocused
devices. The DC power was sent to the inverter and converted into alternating current (AC) power.
After that, the AC power was measured at the inverter output by a passive probe and sent to the
electrical load (40 W 220 V Incandescent lamp).

PV

Solar charge
controller

Stand-alone
inverter Measuring
point

& ROy

Road lighting
lamp

PV simulator is
used instead of
a solar panel

Battery

Figure 18. Block diagram of conducted emission measurements for the stand-alone micro-inverter.

5.1. The EMI Filter Design for the Stand-alone System

The passive EMI filter was considered to provide clear behavioral EMI. Main components in
passive EMI filter consist of inductors and capacitors, as shown in Figure 19:
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. Common Mode Choke: CM Choke: Lc

. Differential Mode Choke: DM Choke: Lp
+  Common Mode Capacitor: Cy

. Differential Mode Capacitor: Cx

. Resistor: R

The Cx was a Metallized Polypropylene Film Capacitor, and the Cy was a Ceramic Capacitor
that worked efficiently at high frequencies. Both Cx and Cv were tested in accordance with the
International Electrotechnical Commission (IEC) 60384-14 standard (Fixed capacitors for use in
electronic equipment—Part 14: Sectional specification—Fixed capacitors for electromagnetic
interference suppression and connection to the supply mains).

Ik ¢
w1/ k3

Figure 19. Structure of passive EMI filter.

CM choke (Lc) and Cy were used for reducing common mode. DM choke (Lb), Cx, Cy, and the
leakage inductance of CM choke (Licakage) were used for reducing differential mode as shown in Figure
20.

L(
N

2C.

Y l Noise
T
a)

(

""Cx CX“’ 2 Y‘\' Noise
(b)

Figure 20. Equivalent Structure of passive EMI filter: (a) Part of Common mode; (b) Part of Differential
mode.

In order to explain the operation of the EMI filter circuit, the EMI filter circuit must be explained
in detail in each part. The basic properties of each component are considered in the form of work.
The inductor has the property of allowing low frequencies signals to pass through while also
preventing high frequencies from passing through. On the other hand, the capacitor allows high
frequencies to pass through, but it blocks low frequencies. Therefore, the inductor was connected in
series to the system to prevent the high-frequency signals flowing through the system. The capacitor
was connected between the line to ground or line to neutron so that the high-frequency signal flows
back to the signal source or ground.

In Figure 20a, the CM chock (Lc) blocked the CM noise from the inverter, and the Cy provided a
way for the CM noise to pass through to the ground. For the DM noise in Figure 20b, Lieakage and Lo
were used to block the DM noise, and Cx and Cy transmitted the DM noise through to the neutron so
that the noise went back to the noise source. Inductance and capacitance values in the passive EMI
filter were calculated.

The EMI filter used in the experiment setup was shown in Figure 21. A passive EMI filter with
different internal parameter values was used, which is shown in Table 8.
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Figure 21. Real passive EMI filter.

Table 8. Passive component in the passive EMI filter.

Lc Lieakage Cx Cy R

EMI Filter Parameter mH) @H @) @F (&)

Value 8.84 7159 047 * 4.70* 680

* Cxis used in class X2 capacitor. ** Cy is used in class X1/Y1 capacitor.

5.2. The Conducted Emission of the Stand-alone System

27 of 32

The CE of the inverter output was measured in the line wire at the AC side by the passive probe
and shown in Figure 22 and Table 9. In Figure 22a, the CE excessed the CISPR 14 standard [34]. After
that, the EMI filter was installed between the stand-alone micro-inverter and the passive probe. The
CE less decreased and until excessed the CISPR 14 standard [34]. The EC of the system with the EMI
filter and ground could reduce the maximum and lower than the standard limit in Figure 22c.

Both CM and DM were shown in Figure 23. The CM was higher than the DM. The EMI filter had
very little effect on both, but the ground affected the most CM devaluation. Therefore, the ground is
important for CM noise attenuation.

Table 9. The CE spectrum data of the inverter output.

Frequency Result Margin

No. (Hz) QP AV QP AV

[dB(uV)] [dB(uV)] [dBl [dB]
No EMI filter
1 0.15820 90.7 84.0 -107 -14.0
2 0.20111 91.7 84.9 -117 -149
3 7.02950 81.7 76.4 =77 -124
EMI filter
14 0.16189 93.8 86.8 -138 -16.8
2 0.50266 77.9 70.3 -39 -6.3
3 6.32188 75.8 70.8 -1.8 -6.8
EMI Filter with ground

1 0.16052 72.0 65.4 80 46

2 0.18129 69.4 61.9 106 8.1
3 14.04295 59.8 50.1 142 139
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Figure 22. The CE spectrum of the inverter output: (a) No EMI filter; (b) EMI filter; (c) EMI filter with

ground.
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Figure 23. Separated mode spectrum at the input of the inverter: (a) No EMI filter; (b) EMI filter; (c)
EMI filter with ground.
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6. Conclusions

Normally, the street lighting system consumes enormous electrical power. The electrical power
is sent via a long-distance transmission line resulting in high power loss. The solar power system is
chosen to solve this problem because Thailand is located near the equator and has a high solar
intensity. For the solar power system, an inverter is the most important device to convert electric
power. The inverter consisting of switching components has to be considered the CE. For researches
in the past, the CE in the solar power system has not been studied yet, but now it is essential to be
studied because this system is connected to the grid and has a significant increase in electric power
generation.

In this research for the grid-connected system, the CE of the solar power system exceeds the
CISPR 14-1 standard within the range of 150 kHz-5 MHz and has the highest level 115 dB(uV) at 150
kHz. The CE attenuation was presented using grounding, ferrite beads, and passive EMI filters as
hybrid methods. The grounding method eliminated excessive CE from the system shifted the CE to
lower frequencies. The ferrite beads attenuated the CE within the frequency range of 1.5 MHz-20
MHz from 100 to 67 dB-(uV) at 2 MHz, but the CE still exceeded the CISPR 14-1 standard within the
range of 150 kHz-2 MHz. Finally, the passive EMI filters were used to reduce the CE during 150 kHz~
2 MHz in this system before connected to the grid system. Five passive EMI filters were designed
according to the design principle for a passive EMI filter and compared the effect of each parameter
in the EMI filters. The EMI filter forms were compared between the EMI filter with and without Low,
the EMI filter without Lom reduced the CE more than the EMI filter with Lom. Next, the parameter
reduction was compared in three pairs of the EMI filters; the parameter reduction had no significant
effect on the CE attenuation efficiency. In the comparison result of each EMI filter, Models 1, 2, and 3
reduced the CE to meet the CISPR 14-1 standard. The model 2 was the best CE attenuation filter due
to maximum efficiency and smallest size, so it was the most suitable passive EMI filter. Continuous
development is required with respect to various EMI filter types, such as active and hybrid EMI
filters, to enhance the EMI attenuation performance.

For the stand-alone system, the EMI of the stand-alone micro-inverter was studied and
attenuated. The CE was measured in term of CE, CM, and DM. The CE result showed that, in the case
of the normal system, the CE exceeded the CISPR 14 standard throughout the test frequency range.
The DM was more than the CM at the output inverter. Next, the EMI filter was required to reduce
the CE and installed at the output of the inverter. The EMI filter without groundless reduced the CE
signal well when installing at the output side. When the ground is connected, the CE on the output
side could be significantly reduced and passed the CISPR 14 standard.
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