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Abstract: This paper is aimed at making new proposals for developing future Electro-Magnetic Com-
patibility (EMC) standards tailored to DC microgrids in a frequency range between 9 and 500 kHz.
In particular, new EMC proposals are made to reduce Electro-Magnetic Interference (EMI) with arc
hazard detection and narrowband power line communication (PLC). To achieve this, first, arc detection
requirements, PLC standards and existing EMC standards are reviewed. Next, new proposals are made
to specify EMC requirements for equipment in DC microgrids in terms of conducted emission, immunity
(9-500 kHz) and minimum impedance requirement (>40 kHz). The minimum impedance requirement
is a new type of requirement and the relevant compliance testing method is developed. The new EMC
proposals also distribute frequency bands to support arc detection and narrowband PLC. Then, to show
the feasibility and advantage of proposed EMC codes, this paper develops a new arc detection method,
which relies on only measuring the arc noise voltage (40-100 kHz) in a single point of the grid and
does not need one or more current measurements. A total of three test cases are presented to show the
feasibility of the arc detection method and the significance of having an EMC minimum impedance
requirement. The executed tests for this paper also show that new EMC proposals are feasible and
promising for DC microgrids. This concept and approach are the major novelties of this paper. The
specific EMC threshold levels for conducted noise, immunity, and impedance within a frequency range
between 9 and 500 kHz will need to be further fine-tuned based on the microgrid application parameters
and further gathering of experimental data.

Keywords: DC microgrids; electromagnetic compatibility; arc detection; narrowband power line
communication; line impedance stabilization network; conducted emission limits; immunity;
minimum impedance

1. Introduction

Recently, more and more renewable generation, DC loads, electrical vehicles, etc.,
are being applied, which is attracting increasing attention toward DC microgrids [1]. DC
microgrids may comprise one or more DC voltage sources which supply DC voltages to
loads through diverse DC connections. Such DC power systems can provide for higher
energy efficiency, easier integration of renewable energy and more flexible operation modes.

A great deal of research has been done for the economic analysis, grid infrastructure,
operation and control, etc., for DC microgrids [2]. However, in the practical deployment of
DC micro grids, Electro-Magnetic Compatibility (EMC) should be taken carefully, as it will
influence whether designed functions of DC grids work properly as expected.

In DC microgrids, a significant source of electromagnetic noise is switched mode power
supply (SMPS) equipment, like DC/DC converters [3,4]. In addition, electromagnetic noise
can be picked up via cables from the background, like electromagnetic noise picked up by a
TV cable. Excessive electromagnetic noise may increase electricity losses, overheat devices,
or cause components failures/malfunctions [5-7].
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To solve EMC-related issues in DC microgrids, electromagnetic emission limits and
survivability of electrical and electronic equipment should be specified. There are already
mature EMC standards for AC applications. For example, CISPR 32 specifies the limits
in conducted emissions for industrial loads (class A) and residential loads (class B), from
0.15 MHz to 30 MHz [8]. In DC microgrids, similar standards are often missing.

Existing EMC standards provide valuable references and inspirations for developing
future EMC standards tailored to DC microgrids. However, because DC microgrids are a
new development, it creates the opportunity to introduce new features or requirements
which were difficult to introduce in AC grids due to legacy equipment and standards. Of
most interest are EMC standards that would increase the functionality of the grid. This
paper focuses on arc hazard detection and reliable narrowband power line communication
(PLC) that enables PLC for DC grid control and protection purposes.

An arc means a luminous discharge of electricity across an insulating medium, usually
accompanied by the partial volatilization of the electrodes [9]. An arc may be caused by
loose terminals, aging insulations or devices, mechanical damages, poor installations, or
animal bites [10]. It dissipates enormous amounts of heat into the surrounding environ-
ment during a short period, which can carbonize or even ignite the insulation and other
combustible materials. Standard UL 1699B [9] specifies that an arc fault current interrupter
(AFCI) should be able to detect arcs greater than 300 W and interrupts them within 2 s.
During 2 s, arc noise may interfere with PLC communication.

There is no zero-crossing point in DC arc currents, which makes the suppression of
DC arc more difficult than AC arc. Detecting changes of time domain signals [10,11] or
making signal analysis (like Fast Fourier Transformation (FFT)) [12,13] are two main kinds
of arc detection methods. However, it is inevitable for both methods to be influenced by
Electromagnetic Interference (EMI). The arc noise detection bandwidth typically ranges
between 9 and 150 kHz which is covered by the frequency range of investigation in this
paper [14].

Power Line Communication (PLC) is an approach to use the existing power lines as
a medium for data transmission by superimposing a data signal on the line voltage. Most
often this is done by modulating a carrier signal, for example a 132 kHz sine wave that can be
frequency modulated (FM) by the data signal [15]. Popular modulation schemes are Frequency
Shift Keying (FSK), Phase Sift Keying (FSK) and Amplitude Modulation (AM) [16,17]. The
PLC advantage is to reduce the installation and maintenance costs of communication systems.
Herein PLC could for example be used for DC microgrids control and protection purposes.
It should be noted that in AC microgrids frequency droop control is commonly used for
balancing a grid [18], but this is not available in a DC grid, thus PLC could take up this
role and even add more control and protection functions. There have been mature PLC
applications for AC scenarios [19]. However, PLC applications for DC microgrids are still to
be explored. EMI between PLC signals and background electromagnetic noise is an important
hurdle. Existing narrowband powerline communication standards and technology will be
reviewed, they operate in the frequency range from 9 to 500 kHz [20] and this is therefore also
the range of investigation in this paper.

On the other hand, lack of DC microgrids standard is a great opportunity to enable
new features in DC EMC standards which were hard to achieve in AC standards. EMC
limits can be made selective for power line modems versus other equipment to increase
their reliability. Also, more restrictive EMC requirements could support arc detection. It is
also possible to introduce chimney-like emission limits to allow noise in specific bands for
specific applications, e.g., switched DC/DC converters, etc.

So, this paper first reviews existing EMC standards and discusses possible recommen-
dations to support reliable arc detection and PLC in DC microgrids. EMC requirements
are then proposed for DC microgrids in Section 3, in terms of conducted emission limits,
immunity test and the minimum impedance requirement. A customized Line Impedance
Stability Network (LISN), an impedance test method and immunity criteria are developed
in Section 4 to implement new EMC proposals. New EMC proposals are first applied to arc
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detection, which is presented in Section 5. Lastly, conclusions and future work are given
in Section 6.

2. Review of Existing Standards

This part reviews mainstream standards related to Narrowband PLC and arc detection [21].

2.1. Standards Review Related to Arc Fault Detection
The mainstream standards related to DC arc detection are summarized as follows:

e UL Standard 1699B:2018 [9]. This standard refers to construction requirements of
arc generator, which creates an arc fault for analysis and test. It also contains the
information necessary to test an arc interrupter and determine whether it meets the
minimum acceptable safety requirements. The standard covers PV, inverter, converter,
and other devices up to 1500 volts.

o [EC 62606:2013/A1:2017 [22]. This standard applies to arc fault detection devices for
household and similar uses in AC circuits. The rated voltages are below 440 V AC at
50/60 Hz. The rated currents are smaller than 63 A.

e IEC 63027 [23]. The standard covers test procedures for the detection of serial arcs
within PV circuits, and the response times of equipment employed to interrupt the
arcs. It defines reference scenarios under which the testing shall be conducted. This
standard also covers equipment connected to systems not exceeding a maximum
PV source circuit voltage of 1500 V DC. The detection of parallel circuit arcs is not
covered. This standard is not applicable to DC sources or applications other than PV
DC sources.

2.2. Standards Review Related to Power Line Communication

As far as PLC is concerned, two questions should be answered: (a) Which frequency
bands are given? (b) How much emissions are permitted? A widely used European
CENELEC standard for Narrowband PLC is EN 50065 [24], which specifies the following
bandwidth allocation:

3 kHz to 9 kHz, reserved for use by energy providers and customers’ premises;
CENELEC A band (9-95 kHz), reserved for use by energy providers;

CENELEC B band (95-125 kHz), reserved for use by energy providers’ customers;
CENELEC C band (125-140 kHz), reserved for use by energy providers’ customers
and regulated as to channel access techniques;

e CENELEC D band (140-148.5 kHz), reserved for use by energy providers’ customers.

The EN 50065 conducted emission limits for single-phase devices are shown by green
lines in Figure 1. Table 1 gives detailed limit values. Herein, class 122 equipment denotes
general use equipment and class 134 is equipment that requires prior notification and
approval by the grid owner. At 132.5 kHz (central frequency of C band), the maximum
emission for power line modem signal can be 134 dB pV for class 134 and 122 dB pV for
class 122 equipment. This standard refers to the CISPR 16 Line Impedance Stabilization
Network (LISN) (50 uH).

The European standard EN 50090-5-1 defines a communication system and is applicable
to Home and Building Electronic Systems (HBES) [25], it is also known as the KNX powerline
(KNX PL) standard. It specifies a data transfer rate of 1200 bit/s and logical zeros and ones
are transmitted via spread frequency shift keying (S-FSK). Herein KNX PL 110 uses a center
frequency (Fc) of 110 kHz. A logical 0is 105.6 kHz and logical 1 is 115.2 kHz, which are within
the CENELEC B band. KNX PL132 uses Fc = 132.5 kHz, logical 0 = 133.1 kHz and logical
1 =131.9 kHz. This is within the CENELEC C band.
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Figure 1. Conducted emission limits in EN 50065.

Table 1. Conducted emission limits of EN 50065 for single-phase devices.

Class 3-9 kHz 9-95 kHz 95-148.5 kHz
122 134 dBuV 134-120 dBpV 122 dBuV
134 134 dBuv 134-120 dBpV 134 dBuv

The IEEE P1901.2 is also for Low-Frequency (less than 500 kHz) Narrowband PLC [26]
but this standard can use a broader frequency spectrum and is based on orthogonal
frequency-division multiplexing (OFDM). The field of use covers smart metering, building
automation, renewable energy, street lighting, electric vehicles and smart grids.

In Europe, in the CENELEC A band, also G3 [27] and PRIME [28] are used based on
OFDM. They are mainly used for smart metering.

2.3. Other Relevant EMC Standards

Electromagnetic fields and signals are created when electrical equipment operates,
which may interfere with the normal operation of ambient equipment. To ensure the
collective performance of microgrids, on the one hand, electromagnetic emission should be
limited; on the other hand, electrical equipment is required to be immune to certain levels
of EMI. The relevant standards are summarized as follows.

2.3.1. Standards for Electromagnetic Emission

The most relevant standards about electromagnetic emission are summarized
in Table 2.

Table 2. EMC emission standards for various equipment regarding AC and DC.

Standard Title
Specification for radio disturbance and immunity measuring apparatus and
CISPR 16-1-1 or EN IEC 55016-1-1 [29] methods—Part 1-1: Radio disturbance and immunity measuring

apparatus—Measuring apparatus

Vehicles, boats and internal combustion engines—Radio disturbance
CISPR 25 or EN 55025 [30] characteristics—Limits and methods of measurement for the protection of
on-board receivers

Electromagnetic compatibility (EMC)—Part 6-3: Generic standards—Emission

EN 61000-6-3 [31] standard for equipment in residential environments

Electromagnetic compatibility (EMC)—Part 6-4: Generic standardsEmission standard

EN 61000-6-4 [32] for industrial environments
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Table 2. Cont.

Standard

Title

EN 55011 [33]

Industrial, scientific and medical equipment - Radio-frequency disturbance
characteristics - Limits and methods of measurement

EN 55014-1 [34]

Electromagnetic compatibility—Requirements for household appliances, electric tools
and similar apparatus—Part 1: Emission

EN 55015 [35]

Limits and methods of measurement of radio disturbance characteristics of electrical
lighting and similar equipment

EN 55016-2-1 [36]

Specification for radio disturbance and immunity measuring apparatus and methods
Part 2-1: Methods of measurement of disturbances and immunity—Conducted
disturbance measurements

EN 55016-2-3 [37]

Specification for radio disturbance and immunity measuring apparatus and methods
Part 2-3: Methods of measurement of disturbances and immunity—Radiated
disturbance measurements

EN 55022 [38]

Information technology equipment—Radio disturbance characteristics—Limits and
methods of measurement

EN 55032 [39]

Electromagnetic compatibility of multimedia equipment—Emission requirements

EN-IEC 61851-21-2:2021 [40]

Electric vehicle conductive charging system—Part 21-2: Electric vehicle requirements
for conductive connection to an AC/DC supply—EMC requirements for off board
electric vehicle charging systems

To make electromagnetic emission measurement repeatable and comparable, an LISN
should be connected between the power source and Equipment Under Test (EUT). An
LISN, typically a low-pass filter, creates a known and unified supply side impedance to
make EMC measurements or tests repeatable and comparable.

Two kinds of LISN are often used, a 5 uH line impedance according to CISPR 25 [30]
or 50 pH according to CISPR 16-1-2 [41]. The 50 uH LISN is typically used to test de-
vices connected to the utility [42] while the 5 uH LISN is mainly used to test devices for
vehicles [43].

Current EMC standards measure both common mode and differential mode com-
ponents from switched power supplies. For example, the standard CISPR 16 specifies a
50 uH LISN and the method which measures both common mode and differential mode.
With special equipment it is possible to separate the measurements. A comprehensive
explanation can be found in [44]. This method applies in particular to DC microgrids with
earthing, for example with a TT or TN earthing system.

Two kinds of measurement are specified by standards in Table 2, quasi-peak and
average value. The quasi peak is known to be the fastest and most sensitive value, never-
theless the quasi peak still has a time constant of 45 ms in Band A, covering the frequency
range 9 kHz to 150 kHz. The average value has an even longer integration time. This also
means that transient or impulse noise is averaged out. However, an arc hazard is a single
event or transient, which could be filtered out by the average value detector. Therefore,
it is recommended to use a peak detector for safety-relevant functions in order to cover
necessary transients. But it should be noted that no emission limits are specified for the
peak detector in current EMC standards.

Typical emission limits for multimedium devices are integrated into Figure 2, which
shows the conducted emissions limits on DC power port according to standard EN 55032.
Class A devices mean industrial devices and usually have higher emission limits. Class B
devices means devices used in a residual and domestic environment. Their emission limits
are relatively lower.
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Figure 2. Overview of conducted emission limits on DC power ports according to EN 55032 or CISPR 32 [8].

2.3.2. Standards for Conducted Immunity Requirements in the Range of 9 to 500 kHz

It is inevitable for electrical/electronic equipment to work with ambient electromag-
netic interference. The degradation of equipment performance should be limited and
satisfies requirements of EMC standards, the most relevant are summarized in Table 3.

Table 3. EN EMC immunity standards for various equipment applicable to both AC and DC.

Standard Title

Electromagnetic compatibility (EMC)—Part 6-1: Generic
EN 61000-6-1 [45] standards Immunity for residential, commercial and light
industrial environments

Electromagnetic compatibility (EMC)—Part 6-2:
EN 61000-6-2 [46] Generic standards
Immunity for industrial environments

Electromagnetic compatibility (EMC)—Part 4-6:
EN 61000-4-6 [32] Testing and measurement techniques—Immunity to conducted
disturbances, induced by radio-frequency fields

Electromagnetic compatibility—Requirements for household

EN55014-2 [47] appliances, electric tools and similar apparatus—Part 2: Immunity

Information technology equipment—Immunity

EN 55024 [48] characteristics—Limits and methods of measurement

Electric vehicle conductive charging system—Part 21-2: Electric
vehicle requirements for conductive connection to an AC/DC
supply—EMC requirements for off board electric vehicle
charging systems

EN-IEC 61851-21-2:2021 [40]

Among the above standards, EN 61000-4-6 proposes requirements on the immunity of
electrical and electronic equipment to electromagnetic disturbances created by RF trans-
mitters in the frequency range 150 kHz-80 MHz. It should be noted that requirements
only start from 150 kHz and thus therefore not limit EMI with arc detection and PLC.
The standard defines four classes which represent the loss of function or degradation
of performance:

Class A: normal performance within limits specified by the manufacturer;
Class B: temporary loss of function or degradation of performance, self-recovery after
the test, without operator intervention;

e C(lass C: temporary loss of function or degradation of performance. Operator interven-
tion is needed for recovery after the test;
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e C(lass D: loss of function or degradation of performance which is not recoverable.
Damage of hardware or software, or loss of data.
It remains unclear how far these standards designed for AC apply to DC grids. How-
ever, it remains interesting to align them in order to allow existing hardware to run on DC
grids with minimal changes.

2.4. Examples of Electromagnetic Emission in DC Grids

In this part, three DC loads are tested to demonstrate possible electromagnetic noise in
DC microgrids. The test set up is summarized in Table 4. One floor lamp, refrigerator and
Personal Computer (PC) are connected. A 50 uH CISPR 16-1-2 compliant LISN is connected
between the power supply and EUT.

Table 4. Set-up for electromagnetic emissions tests.

Case Power Supply Converter Load
Delta
! SM500-CP-90 No Floor lamp
Delta . ) .
b SM500-CP-90 Victron Orion 48/24-5 Refrigerator
c Delta LM2596HVS 48/5 Raspberry PI 4
SM500-CP-90 pberry

The noise signal is measured by a 16-bit, 200 MHz oscilloscope, PicoScope 5444D MSO
(picoTechnology, Cambridge UK), and then analyzed via FFT. Such a signal process method
is implemented for the purpose of developing a customized arc detection method which
will be introduced in the subsequent part. However, it should be pointed out that the
noise measured via this method is not compatible with the standards listed in Section 2.2.
The rationale is that quasi-peak or average detectors required by the above standards take
continuous measurements and are too slow for arc transients.

Electromagnetic noise of three test cases is shown in Figure 3. It is seen that there is an
amount of noise below 500 kHz. Noise emissions may differ depending on the switching
frequencies of DC/DC converters.

80
60
40
20

-20
-40
-60
-80

EMC noises (dBuV)

80 80
60

EMC noises (dBuV)
EMC noises (dBuV)

-40
-60

10*

Frequency (Hz)

(a)

-80 -80
10* 10° 104 10°
Frequency (Hz) Frequency (Hz)

(b) (c)

Figure 3. Electromagnetic emissions examples. (a) Floor lamp. (b) Refrigerator. (c) Raspberry PI 4.

Moreover, the conducted noise caused by arc burning mainly locates over the band-
width (2 kHz-150 kHz) [14]. So, the background noise will interfere with the arc detection.
It is similar for Narrowband PLC. Therefore, adequate EMC standards are needed to
limit electromagnetic emissions and improve the functionality of DC microgrids, like arc
detection and narrowband PLC.
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2.5. Need for DC Standards

It is expected to provide a similar or better level of EMC compliance in comparison to
AC electric systems. Therefore, in particular, the following opportunities will be addressed
to have superior performance for Narrowband PLC and grid ancillary services:

e  Enable more reliable PLC and avoid interference with power electronics and facilitate
grid protection, stability and failure diagnostics.

e  Enable reliable arc failure detection and reduce interference with switching power
electronic converters and power line communication.

e  Enable reliable PLC in a bipolar DC back-bone, wherein some nodes only have access
to the positive or negative pole.

e  Currently in certain AC appliances, such as PV converters, there are no conducted
noise emission limits below 150 kHz while this creates interference with some power
line modem systems and arc fault detection devices.

e  Currently EMI filters have no access impedance and/or insertion loss limits while they can
attenuate power line modem signals and likely also interfere with arc detection systems.

e  Some AC-focused EMI emission standards were relatively restrictive in the bandwidth
between 150-400 kHz because of potential radio-interference with long wave radio
stations. However, for DC grids this might be less of an issue when bundled and/or
underground cables are used. Also, long wave radio applications in between 150 and
400 kHz are becoming obsolete. This allows more bandwidth for PLC to be used,
similar to the US FCC limits, and/or to lower requirements for equipment to be used.

To achieve the above objectives, new proposals are made in this paper to define
EMC behaviors of electrical equipment in DC microgrids. They will be described in
subsequent sections.

It should be noted that apart from our proposals there is also a recommendation,
IEC TR 63282, for the standardization of voltage levels and related aspects (power quality,
EMC, measurement...) for Low Voltage Direct Current (LVDC) systems lower than 1500 V
DC [49].

3. Grid Code Proposals
3.1. Proposals for Conducted Emission Limits

In order to interface a multitude of electrical devices in a complex topology DC
microgrid and to avoid EMI with PLC and arc hazard detection, it is proposed to introduce
new conducted emission limits and reserve particular bands for PLC and arc detection.
Reviewed EMC requirements are proposed hereafter depending on the characteristics of
individual devices, which is shown in Figure 4, wherein:

Low power and often used devices such as lighting should have strong limits;

Small to medium power and rarely used devices should have more relaxed limits;
Large power and rarely used devices should have higher limits;

Hereby specific frequency bands are reserved for arc detection, PLC and devices that
must have stronger requirements in these frequency bands, wherein:

O The band from 40 kHz to 100 kHz should be reserved for arc detection. This
still allows that switched power supplies operate below 40 kHz or above
100 kHz without EMI for arc hazard detection (c.f. Table 5).

O It should be noted that since the arc fault is accidental and uncontrollable, there
is obviously no noise emission limit for the arc itself. In principle, the higher
the noise the more detectable it will be, therefore also minimum impedance
limits are also proposed for the connected grid devices later in this paper.

O Considering the third harmonics of switched converters when they operate
below 40 kHz, it is proposed that PLC operates above 120 kHz. This will
avoid EMI with the 3rd harmonic of switched converters which will be below
3 x 40 kHz.
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O The band from 120 to 300 kHz could be reserved for PLC, which therefore can
cover different modulation technologies such as S—-FSK or OFDM.

O Switched converters can also operate in between 100 and 120 kHz or above
300 kHz.
130dBlJV ........ . ........................................................................................................................................................................................
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Figure 4. The proposed EMC conducted emission limits for electrical equipment in DC microgrids.
Table 5. Frequency spectrum allocation for DC grids.
Device Frequency Bands

Arc detection

40-100 kHz (current or voltage sensing to monitor the emission spectrum of connected noise
sources and for lamps also no risk to create interference with IR remote controllers)

Power line communication

120 kHz-300 kHz

Recommended switching
frequencies for converters

>300 kHz most recommended (because no interference is expected in PLC and arc detection)
100-120 kHz (because the third harmonic is above 300 kHz and therefore no interference is
expected in PLC and arc detection)

33-40 kHz for converters but not for converters that supply lamps (because this will avoid
interference from third harmonics to Arc detection/PLC + not applicable to lamp drivers. This
will cause interference with IR remote controllers)

13 kHz for converters if none of the previous options can be applied and thus still allow a third
harmonic emission below the frequency band of 40 kHz.

In summary, a proposal for the frequency band distribution for review of EMC emis-
sion requirements is also shown in Table 5.

It should be mentioned that the above proposals are compatible with the current
state of art but also does not exclude new techniques to improve EMC performance of
switched converters. For example, the spread spectrum technology can reduce the peak
envelope of a peak and average EMI sweep, which allows designers to choose a smaller-size
and less expensive EMI filter [50]. Moreover, following more investigations on EMC for
DC microgrids, the proposed chimney-like emission limits could be further refined and
adjusted, like constructing more portions of frequency bands.

It will take a long and complex procedure to finalize one standard. Even if a standard
is formulated, it should be amended following the technology progress.
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3.2. Proposals for Immunity Requirements

The standard EN 61000-4-6 specifies the immunity requirements above 150 kHz and
might be insufficient for immunity against the use of PLC and arc noise [32], therefore we
propose the following amendments:

e  From 9 to 150 kHz, we propose class 3 or 140 dB uV in order to be immune against
arc noise.

e  From 150 kHz to 300 kHz, we propose as a minimum class 2 (130 dB uV) in order to
be immune against PLC signals.

Moreover, immunity requirements could also be further specified according to the
consequence of certain function failure/loss. For example, a function failure of TV just
causes the interruption of TV signals. However, a function failure of arc detector will
potentially cause fires or grid-wise faults. Therefore, an additional test/measure, like the
periodic self-test, may be required for critical, safety-related equipment.

3.3. Minimum Impedance Requirement for Loads or Sources to Facilitate Narrowband Power Line
Communication and Arc Detection

The minimum impedance requirement is a new kind of EMC requirement and has
two purposes. First, this warrants that the electrical signals representing PLC or arc noise
are converted to voltage signals which are large enough to be easily measured. Secondly,
the load or source impedances should be high enough relatively to the line impedance
of the electrical network which is typically inductive and mostly from 5 to 50 pH in
order to avoid attenuating too much PLC or arc signals. This is also reflected in the
CISPR 25 and CISPR 16 standards that have 5 and 50 uH. As a summary, the minimum
impedance requirement enables easy PLC communication or arc detection everywhere in
DC microgrids, independent of deployment locations.

For example, in our test set up a 2 Ohms minimum impedance in a frequency range
from 40 kHz to 300 kHz requirement was evaluated. Therefore, load and source compliance
can be realized by adding a series input filter inductor of 10 uH or typically two 4.7 pH
inductors at a DC load side, which approximately equals 2.5 Ohm, namely

2 x 71 x 40 kHz x 10 pH = 2.51 O 1)

The inductor could be incorporated into EMI filters which are required for converters to
avoid additional installation [51]. The requirement of minimum impedance also increases
differential mode signals, which facilitate PLC. However, it should be mentioned that
the introduction of additional inductance changes the impedance characteristics of DC
microgrids [52,53]. This could arouse the resonance, which should be taken carefully.

In general, the minimum impedance threshold value may be chosen based on the
power source(s) and cables of DC grids. The higher the impedances of loads are, the better
the detection of PLC or arc signals will work. However, the addition of new component to
satisfy the minimum impedance requirement will increase the device weight, cost and size,
which should be limited to an accepted level.

4. EMC Compliance Test Platform and Method

To test the feasibility of the above EMC proposals, new platform, method and criteria
should be made, which are explained in the next section.

4.1. Customized Line Impedance Stabilization Network

Existing LISNs applied to AC systems may not be applicable to DC microgrids [54].
This is due to the observation that current DC microgrids have shorter cables but also
cables are bundled wires while the decade-old CISPR 16 standard likely also accounted for
uninsulated unbundled overhead lines, which have higher inductance.

DC microgrid impedance varies depending on applications [55,56]. Based on the
length and diameter of cables often selected for DC microgrids [57], this paper designs
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a customized 10 pH LISN to make test activities more realistic for DC microgrids. As
shown in Figure 5, this is a two-path LISN, namely the positive path (EMC receiver ]J2) and
negative path (EMC receiver J3). Each path includes 10 pH inductors. Another feature of
this LISN is the superimposition of AC signal source (J1), which enables the minimum load
impedance requirement compliance measurement. Therefore, a signal injection transformer
is added (T1). This LISN is designed for arc tests and research purposes, not for replacing
the current 5 pH and 50 pH LISNs. The test accuracy on this LISN still remains to be
validated in practice.
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Figure 5. Circuit of customized 10 pH LISN.

4.2. Minimum Impedance Compliance Test Method

To check if a source /load impedance satisfies the requirement of minimum impedance,
a voltage-divider-based method is proposed, which properly utilizes the test ability of
above LISN.

The concept is shown in Figure 6. The load voltage V. 10aq is a fraction of a well-
defined test voltage, Vac test, Whose frequency varies from 9 to 500 kHz. According to
Kirchhoff laws, it is calculated as follows:

Vac_load = Vac_test X ZL/ (ZL + ZLI) (2)

where Z;, denotes the load impedance; Z; is the line impedance. For a given Vac_test, the
larger 7, is, the larger V¢ 10ad is. So, an obvious method of checking the compliance of
minimum impedance is to take V. joaq as an indicator to represent the load impedance and
compare V. 1054 Of an EUT with the reference corresponding to a minimum impedance.
If the V. 10aq of EUT is larger than the reference voltage of a minimum impedance, it is
estimated that the EUT impedance is larger than the minimum impedance.
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Figure 6. Voltage divider concept for impedance tests.

The first step to implement this method is to derive the V¢ joaq reference correspond-
ing to a minimum impedance, like two Ohms. This is done on the following platform
in Figure 7:

Function
generator

Power
Amplifier

SEGEIRT )]
transformer (T1)

Customized
line
impedance
network

Test signals

DC
supplier

Figure 7. Impedance test method.

A function generator outputs a 1 V sine wave whose frequency sweeps from 40 to
300 kHz and then is connected J1 via a power amplifier. The voltage is measured on J2
(Figure 5) with PicoScope 5444D MSO. In practice, to verify if the impedance of EUT is
larger than the minimum impedance, the following two steps are needed:

e  Measure V, |p5q at J2 first for defining the reference voltage line, with a 2 Ohms
resistor to obtain the "2 Ohms ref’ line in Figure §;

e  Measure V. j5aq at J2 with an EUT and compare the measured voltage with the
previous reference voltage line to judge if the EUT impedance is larger than the
minimum impedance.

e  Figure 8 shows a measurement example of a resistive load of 33 Ohms. The results
show that the voltage is higher than the reference line and thus the load is compliant
with the minimum impedance requirement of 2 Ohms. The aim of developing this
test method is to provide one engineering method that estimates the impedance but
at the same time avoids the calculation. After all, it is not easy to calculate a device
impedance in a multi-source and multi-branch DC microgrid.

—— 2 Ohms ref
—— 33 Ohms

100 -

80 A

60

Magnitude (mV)
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20
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Figure 8. Voltage measurements for 2 Ohms and 33 Ohms.
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5. Arc Detection Based on Grid Codes Proposal

Most arc detection methods detect arc noise by analyzing current signal. This necessi-
tates a current transformer. Normally, the current transformer should be sized based on
the possible maximum current of the cable and could be bulky. Based on the proposed
EMC codes and the minimum impedance requirement for loads and sources, this section
proposes a novel arc detection method which extracts arc noise from voltage measurements.
More details on this method can be found from the patent application EP22185243 [58].

5.1. Arc Detection Circuit

Figure 9 shows the proposed new arc detection circuit in its most simple implementa-
tion. Herein a DC voltage source supplies the power to a load. The method can be applied
in a more complex grid topology with multiple loads and sources as long as they satisfy
the minimum impedance requirement, which is in Figure 9 warranted by having L; to Ly
sufficiently large.

!

T—

i M —— ° nm vt
e 1 .ﬂ l
L, e l L,
C
DC
Source E Arc » load
detector
T
|/ nm nmm v
L L,

Figure 9. Arc detection circuit.

In this method, the arc detector circuit can be connected in parallel to the DC grid
through a DC-blocking capacitor C and can use a small coupling transformer T for safety
isolation of the arc detector circuit. Because it is a parallel DC grid connection, the arc
detection circuit can in principle be installed in any location of a more complex DC grid.
Another benefit of this new approach is that it does not require a measurement of the arc
current itself which is used in many other methods [59] but it only analyzes the voltage of
the DC grid.

For an arc detection, the arc detector should analyze the voltage signal within a
frequency spectrum from 40 to 100 kHz and thus will benefit from analog filters first.
Second, it requires a processor to compute the time or frequency domain characteristics
(like frequency spectrum) for judging whether an arc occurs or not. The detector requires
an algorithm that will compare voltage characteristics before and after the arc to judge if
one arc occurs.

In this new method, the minimum impedance requirement is imposed to all loads/sources
connected in the frequency range of 40 kHz to 100 kHz. First, because it allows that an arc can
be detected as a voltage signal without the need to measure the arc current. Second, because
the arc noise voltage signal will attenuate following the cable and that if the source/load
impedance is too small then the detected voltage measured will be small and might be covered
by the background noise and thus arc detection might become unreliable.

The minimum impedance is proposed as two Ohms for this research. Depending on
the practical application, this impedance can be increased.

5.2. Current-Measurement-Based Arc Detection vs. Voltage-Measurement-Based Arc Detection

DC arc hazard detection today is commonly applied in photovoltaic systems and
an important safety feature. Photovoltaic systems, however, are only a simple case of
a DC microgrid with only the PV modules as source and the PV inverter or converter
as a load. The detector with disconnector is obviously placed at the PV modules. Arc
hazard detection is done based on the cable current measurement and the fine tuning of
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the detection algorithm is straightforward and based on the properties of the converter
and modules. This solution is well known. However, this cannot be easily applied to more
complicated DC microgrids with multiple sources and loads. For example, Figure 10 shows
an already more complicated DC microgrid with two branches. In a DC microgrid, it is a
useful feature that the detector can be in a single location and detect faults wherever in the
grid, even when the arc hazard current doesn’t flow through the wires where the detector
is located. For example, this is the case in Figure 10 when the arc fault is located at load 1
and directly supplied with source 1 and the detector is based on current transformer 2.

current transformer 1 branch 1
- T
J— T ‘L
source 1
I". Arc
i 1
il |
load 1 load 2
current transformer 2 branch 2
1 -
source 2
| anc I
datector f
1
arc load 3
detector

Figure 10. Arc detection in a 2-branch microgrid.

This paper proposes a new concept which only relies on voltage measurements for the
application in more complex DC microgrids. In Figure 10, the current-measurement-based
method requires the current transformer in each branch. The EMC grid code proposed
hereafter and in particular the minimum impedance requirement will support the use of a
single voltage-measurement-based arc hazard detector that can be installed at any location.
As shown in Figure 10, the arc detector is installed in parallel to branch 2. If there is one
arc occurring in the branch 1, the arc noise voltage will propagate to the output node of
source 1, which is also connected to the arc detector in branch 2. To ensure the arc detector
gets enough arc noise, the minimum impedance requirement is applied to load 3.

As a conclusion, the new proposed voltage-measurement-based arc detection makes
use of the proposed EMC codes. It is more flexibly and easily implemented in complex
DC microgrids.

5.3. Test Results

The developed arc detection circuit and method are tested in the platform shown in
Figure 11, which includes: a DC power supply, LISN, arc generator and load [60]. Delta
SM500-CP-90 is installed as the DC power supply. Customized LISNs (L-LISN 1-4) are
adopted to simulate the impedances of cables connected respectively to the source and the
load. A resistor bank is connected as the load.
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(c) Arcing phenomenon

Figure 11. Arc test platform.

The arc generator is shown in Figure 11b,c. It consists of a stationary part with a fixed
electrode, and a movable part where the second electrode is installed. The maneuver of the
movable part is achieved by regulating the speed and distance of step motor via an Arduino
processor. The motor has a 1.8° step angle and 2 mm lead screw pitch, which generate a
linear movement of 1 mm per 100 steps. Compared with manual arc generators, such a
motor-based arc generator provides reproducible and more exact electrode movements.
In addition, two types of UL 1699B [9] standard electrodes, copper and tungsten, can be
selected for the platform, depending on test needs. Hence, in principle this set up simulates
a broken wire following UL 1699B.

By pulling the movable electrode, an arc can be created, as shown by Figure 11c. More
details about this platform are given in [60].

The arc detection circuit is connected in parallel on the load side. A 48 V DC voltage
source supplies a load of 6 ohms. The positive and negative cable impedance are sim-
ulated, respectively, by L-LISN 1-2 and L-LISN 3-4. At 40 kHz, the cable impedance is
approximately 2.36 ohms.

During tests, the load impedance reduces gradually to see the influence on arc detec-
tion. On the other side, the supplied energy is maintained nearly constant to provide a
unified test scenario. That is to say, when the load impedance becomes smaller, the source
voltage reduces correspondingly. The test cases are summarized in Table 6.

Table 6. Arc test scenarios.

Case Voltage (V) Load Impedance (Ohm) Source Power (W)
a 48.00 6.00 384.00
39.20 4.00 384.16
c 33.94 3.00 383.97

Arc noise is analyzed by the FFT functionality of Pico Scope. The Hamming window
is selected. The detection results are shown in Figure 12. It is seen that when the load
impedance reduces, the measured arc noise also becomes smaller. In case c, the arc noise
overlaps with background noise which makes arc detection challenging. In addition, it
should be said that to some extent, arc occurrence is random. The above tests were repeated
several times and the most typical results are presented.
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Figure 12. Arc noise measurements.

The main purpose of developing the voltage-measurement-based arc detection is to
show the feasibility and advantage of proposed EMC codes. A large number of tests still
should be done in different temperatures, humidity, arc gaps, and so on, as specified by the
standard UL 1699B, to estimate the detection reliability, like the confidence level or false
operation of arc detection.

6. Conclusions

DC microgrids are a promising solution for the future smart grids. However, EMC
should be handled carefully to ensure that designed DC microgrids work as expected.
To achieve this, proper EMC standards are required. Therefore, this paper first reviewed
existing EMC standards in the frequency range from 9 to 500 kHz to acquire inspirations for
developing EMC standards of DC microgrids. The above review was targeted to support
DC arc detection and narrowband PLC in DC microgrids.

Next, new proposals were made to specify EMC requirements for electrical and elec-
tronic equipment in DC microgrids. This includes chimney-like emission limits, immunity
requirements and the minimum impedance requirement. These proposals distributed
particular bandwidths to arc detection (40-100 kHz) and narrowband PLC (120-300 kHz)
to facilitate their implementation in DC microgrids which have so far not been covered
in existing standards. A new impedance test method and immunity criteria (40-300 kHz)
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were also developed and validated. Such a minimum impedance requirement can support
both arc detection and narrowband PLC.

Moreover, experiments were conducted on different LISNs, following existing stan-
dards CISPR 16/25 but also using an alternative LISN version being more realistic (10 pH)
for a DC microgrid.

A new voltage-measurement-based arc detection was developed which is better tai-
lored to a complex topology microgrid with multiple sources and loads in comparison
to commonly applied arc detection methods in simpler PV systems. The key benefit is
that a single-voltage-based arc hazard detector can be installed flexibly in DC microgrids.
However, it does come at the expense of a minimum impedance requirement, which is
proposed and evaluated as an additional new EMC requirement in this paper. This will
require that EMC filters of switched power supplies are designed to satisfy the new require-
ment. The additional cost and/or volume impact can be investigated in future work. Test
cases showed the influence of load impedance on the magnitude of detected arc noise. The
smaller the load impedance, the smaller the magnitude of measured arc noise voltage. This
justified the necessity of introducing a minimum impedance requirement.

The new EMC proposals made in this paper are based on existing standards, literature
and authors’ expertise. The proposals were first applied to arc detection to investigate
their feasibility and benefits. Following the advent of new technologies applicable to DC
microgrids, they should be amended to support technical progress. Indeed, formulating
a practical and well-accepted standard is a complex process, which necessitates a great
deal of efforts from the academy and the industry. More experimental validations and
investigations should be made, especially for arc hazards, which should be part of the future
work. More specifically, it will require more research and gathering experimental data to
define EMC threshold levels for conducted noise, immunity, and impedance, considering
the microgrid applications and its characteristic parameters (cables, power level, etc.).
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