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Abstract: The work addresses the problem of Power Quality (PQ) metrics (or indexes) suitable for
DC grids, encompassing Low and Medium Voltage applications, including electric transports,
all-electric ships and aircrafts, electric vehicles, distributed generation and microgrids, modern
data centers, etc. The two main pillars on which such PQ indexes are discussed and built are: i) the
physical justification, so the electric phenomena affecting DC grids and components (PV panels,
fuel cells, capacitors, batteries, etc.), causing e.g. stress of materials, ageing, distortion, grid insta-
bility; ii) the existing standardization framework, pointing out desirable coverage and extension,
similarity with AC grids standards, but also inconsistencies. The first point is made more clear and
usable by a graphical overview of the discussed phenomena. On this basis PQ is interpreted be-
yond the usual low-frequency range, including thus supraharmonics and common-mode disturb-
ance, and filling the gap with the Electromagnetic Compatibility domain. However, phenomena
typical of EMC and electrical safety (such as various types of overvoltages and fast transients) are
excluded. Suitable PQ indexes are then reviewed, suggesting integrations and modifications, to
cover the relevant phenomena and technological progress, and to better follow the normative exi-
gencies.
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1. Introduction

The term “DC grid” encompasses various types of distribution networks that are
extensively used for a wide range of applications, distinguishing between grids (large
physical extension and/or integrated with the national and trans-national grids), mi-
crogrids, and down to nanogrids. Such networks are operated both at Medium Voltage
(MV) and Low Voltage (LV) with some standardized nominal values and variable phys-
ical extension: from some meters to tens of meters within a large room, a smart house or
an electrified vehicle; hundreds of meters between buildings, at a campus, or on-board
ships; up to some km for distribution within smart residential districts, technological
parks, etc.; several tens to thousands of km for electrified transportation systems, such as
tramways, metros and railways. Long distances are reached with High-Voltage DC
transmission links, that are, however, outside the scope of this work.

DC microgrids in one of their simplest implementations have been used for long
time for backup and high-availability circuits (such as to allow black start of power gen-
eration facilities, data centers and laboratories with mission critical or sensitive applica-
tions, etc.) and have always been quite diffused on-board vehicles and boats. Nowadays,
higher integration of sources and loads and better dynamic performances can be sided to
the robustness, simplicity and availability just exemplified. The power and voltage levels
have also correspondingly shifted from low values (as provided by 12, 24, 48, 60 and 110
Vdc circuits) to ratings comparable to AC grids, made possible by the development of
semiconductor devices and converter architectures (370-400 V for data centers, up to
about 800 V for residential distribution, 600 to 3000 V for electric transports, several kV
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for MV distribution). The relevant features are: increased switching frequency, increased
voltage and current ratings, high efficiency, bidirectional power flow, control of distor-
tion and of low-frequency electromagnetic interference (EMI).

The proliferation of microgrids, nanogrids, smart grids fully exploits the flexibility
and performance of converters and control, interconnecting a wide range of sources and
loads. The increase of the installed power have shifted the nominal voltages to higher
values, for both AC and DC grids, despite the intrinsic difficulty of protection of the latter
for short circuit [1-3] and series arc phenomena [4-6]. Correspondingly, the physical ex-
tension has grown, requiring significant synchronization and control capabilities. MV is
necessary for large power concentrations, such as photo-voltaic (PV) and wind parks [7],
as well as distribution on-board ships [8,9].

On-board ships various types of loads (first of all the propulsion load, but also elec-
tromagnetic weapons, special cargo services such as refrigeration, etc.) are connected
with different dynamics and power absorption levels. Short-circuit protection for MV DC
systems is always a challenge and several static DC breaker architectures have been
proposed [10,11], besides the more consolidated air and vacuum breakers [12]. The ex-
tension of the network amounts to some hundreds meters (accounting for ship length
and some branching and routing). The installed power is in the range of several MW to
tens of MW. The number of static converters has increased, also to compartmentalize
pulsed loads and disturbing loads, to services and more susceptible systems, possibly fed
at lower voltage level [13]. For disturbance mitigation the use of filters and capacitance to
ground (i.e. to the ship hull) is subject to restrictions, in order to limit common mode
current injection.

Another example of MV DC grid consists of DC railways [14] and rapid transit sys-
tems, featuring dynamic moving loads, all supplied from a catenary (or third rail) system
fed by rectifier substations. These networks feature the largest extension, as they cover
entire cities, regions and countries. Such electric distribution grids feature a peculiar ar-
rangement of conductors with a larger line inductance, but lower capacitance compared
to cable distribution, for which resonance frequencies are not so different, whereas the
factor of merit and the excursion of network impedance values are much larger [15].

LV networks are more diffused and may be found on-board ships (when e.g. large
loads of propulsion are separated), aircrafts and trains, as well as serving technological
and residential centers and integrating various types of sources and loads [13] (among
sources in particular Photo-Voltaic, PV, panels and fuel cells, as well described for tele-
communications and data centers in the ETSI TR 102 532 [16]). The physical extension for
an LV grid is in general limited to a few km [17].

For smart grids and microgrids one of the advantages of DC distribution is the ease
of integration of sources and loads, without the complication of phase angle instability
and coordination, typical of AC applications. A short physical extension is in the order of
some tens or hundreds meters that brings resonances in the frequency interval of the
typical emissions of interfaced converters. This aspect has recently attracted a lot of in-
terest and research, studying EMC problems of the so-called supraharmonic 9-150 kHz
interval [18]. The use of interface filters of LCL type may help reducing the problem,
although they increase the likeliness of resonances at lower frequency, especially if some
devices are interfaced with CLC filters (such as the omnipresent EMI filters) [19].

As in all distribution networks the primary quantity is the voltage available at
equipment terminals: DC grids have a lower harmonic distortion thanks to the large de-
ployed capacitance and in general the lower impedance in the harmonic frequency range,
as it was demonstrated for railways in [20], comparing harmonic power terms in AC and
DC systems. Lower network impedance keeps harmonic voltage components low, while
amplifying current distortion that will flow mostly in filter capacitors and capacitor
banks, with consequential overheating, stress and possibly accelerated ageing. Other
systems, such as energy storage devices, are in general interfaced by means of DC/DC
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converters and are thus decoupled. In general current, in addition to voltage, should be

evaluated for the following reasons:

e  high-performance control uses information on current not only to implement feed-
forward methods, but also to indirectly control the terminal impedance [21];

e measuring impedance by means of joint voltage and current reading [22] is also
relevant for the purpose of system protection [23];

e current is relevant also to identify and distinguish some kinds of transients, as those
caused by series arcs, quite relevant both in DC distribution [24] and DC railways
[25,26];

e inrush current when a device is connected, fault events and load steps can trigger
instability and low frequency oscillations (LFO), and should be in principle limited
at each device; similarly high-frequency resonances may also arise, and the overall
behaviour is quite complex depending on the extension of the network and the types
of connected sources and loads [27-30];

e theripple current is generally considered as the reference quantity to estimate stress
and aging of cables and of storage and filter devices (namely capacitors, superca-
pacitors, batteries) [31-35];

e distorted current is a cause of induced disturbance to cables, in particular for com-
mon-mode components that are often the result of large capacitance to ground of
converters (as resulting either by the distributed capacitance of the source or load,
such as PV panels or battery banks, or by purposely inserted capacitors to reduce
EMI) [19]; it is underlined that common-mode current is not evaluated by the
commonly used PQ indexes, being usually ascribed to EMC, and that uncontrolled
common-mode currents, besides interference, may also increase the overall human
exposure to magnetic field right where limits are particularly low [36];

e distorted current may also directly cause disturbance for specific signalling systems
using the return circuit or ground wire as an active conductor; examples may be
found in metros and railways (track circuits using the running rails as part of a
coded signal transmission to detect the presence of trains) and in the automotive
sector (negotiation of the charging profile of an electric vehicle following SAE
J2836-1 [37] and IEC 61851-1 [38] standards, using pulse width modulated signals).

At high frequency in the supraharmonics interval and beyond, the network response
becomes more complex and the impedance is generally higher, similar to the AC distri-
bution for a similar cable implementation. A significant distortion is expected from the
widespread use of converters and suitable assessment methods may be the same in use
for AC distribution; as a matter of fact the Line Impedance Stabilization Networks (also
called Artificial Networks) are substantially the same for AC and DC networks for the
frequency intervals 9-150 kHz and 0.15-30 MHz.

This paper aims at providing a comprehensive picture of Power Quality in DC grids,
going beyond previous works [13,39,40], including discussion of impact on DC grid el-
ements (sources, storage, protections), and considering the actual standardization
framework for a punctual and harmonized contribution. This paper is thus organized as
follows. Section 2 describes the relevant network phenomena that justify a quantification
of the related Power Quality. Section 3 proposes instead a PQ classification based on
standards, discussing in some cases inconsistencies and incomplete definitions, and
hinting to suitable PQ metrics that are then discussed in Section 4. Measurement and
post-processing methods are only briefly described, when common to AC grids and well
disciplined in available normative. Real cases and examples are sometimes considered to
support discussion, but there is no specific fifth section of detailed analysis for a matter of
space and not to lose the original focus on impact on grid elements and standards.
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2. Relevant Power Quality phenomena

The definition of useful and suitable Power Quality (PQ) indexes for DC grids in a
wide perspective needs to begin with the identification of the typical and relevant PQ
phenomena and events, and how they affect grid elements: sources, loads, connecting
components, and control. PQ events affect these elements in various ways with different
consequences and time scales, which by similarity with AC distribution networks may be
enumerated as follows:

e interference to sources and loads, as an EMC (ElectroMagnetic Compatibility)
problem with conducted disturbance interfering with e.g. the measurement and
control of electrical quantities, although the levels of immunity are in general high;

e interference to sources and loads as an operational problem, with poor voltage
quality in terms of fluctuations, swells and sags causing transients in the source or
load operation, such as flicker, torque variation, etc.; this is a particularly sensitive
issue for which DC grids intrinsically perform better thanks to a scalable and dis-
tributed deployment of storage systems (such as batteries and supercapacitors);

e issues of network instability and low-frequency oscillations (LFOs), in particular
when stressed by major transients, that trigger undamped response of converter and
machine control; by convention LFOs in AC networks are confined below the fun-
damental; here, without loss of generality, LFO may be considered to occur up to a
hundred Hz;

e resonances occurring at higher frequency (often named high-frequency oscillations,
HFO, or harmonic resonances, HR), above usual control bandwidth, depending on
network resonances, in turn influenced by the physical extension and interaction
between parasitics and reactive loading;

e impact on elements of sources, loads and network in terms of overheating and ac-
celerated aging, as for filter capacitors, cables, storage devices, transformer insula-
tion; ripple current and in general the rms value and the number of charg-
ing/discharging cycles are the parameters of the electrical interface considered for
quantification of stress and aging of batteries and supercapacitors, besides envi-
ronmental conditions led by the temperature of environment and internal elements.

PQ indexes in AC networks have historically covered similar issues, with limits de-
fined about 30 years ago. A similar approach is pursued here, on the one hand exploiting
experience and knowledge of such PQ AC indexes, and on the other focusing on com-
ponents and characteristics peculiar of modern DC grids in their various applications.

For a matter of clarity when referring generally to low, medium and high frequency
for conducted disturbance the intention is to consider the frequency intervals up to some
kHz (that can be fixed at 2 or 9 depending on the adopted standard), up to 150 kHz (or
slightly beyond, such as 500 kHz, for practical reasons) and up to 30 MHz, respectively.

2.1. EMC and interference

PQ phenomena may represent a source of interference for connected equipment and
its control systems. As an EMC problem it is correctly addressed focusing on both
weakness (or susceptibility) of victim equipment and the way the disturbance couples
from the source to the victim.

Modern equipment has an increased level of e.m. immunity, guaranteed nowadays
by compliance to quite developed EMC standards with wide application. The focus
should be then on phenomena still poorly covered in the standards and on intrinsic sus-
ceptibility, for example related to a specific function, especially for communication de-
vices, such as Power Line Communication (or Power Line Carrier, PLC).

Historically, notches and harmonic disturbances in AC networks were identified
that could affect converter synchronization and control (e.g. accuracy of mains ze-
ro-crossing detection), which is not relevant in case of DC applications. Modern protec-
tion relays, encompassing residual current devices (RCDs), leakage current monitoring,
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Arc Fault Detection Devices (AFDDs), or equivalently Arc-Fault Circuit Interrupters

(AFClIs), related algorithms for arc detection, and systems for predictive DC fault current

interruption in large-power installations, are all potentially exposed to distortion and

noise due to the processing of current and voltage high-frequency content (aiming at ef-
fective detection and fast triggering):

e  Residual current devices (RCDs), a class of devices common to AC and DC applica-
tions, relying on current measurements for detection of fault conditions with a wide
range of fault impedance values. Type B of AC RCDs could be used for DC applica-
tions, although they are not fully specified for it; such devices may have an unspec-
ified sensitivity to high-frequency components [41,42]. Conversely, RCDs for DC
applications are required to be immune from high-frequency ripple ([43], sec. 8.17),
but the amplitude and frequency of such ripple are not better specified. Coordinated
solutions are being proposed complementing the limited immunity of single devices
to a wide range of disturbance with an increased information set collected by dis-
tance protections and networked devices [44].

e DC leakage monitors: the latest IEC 62020-1 [45] does not include yet DC devices,
but they are covered by the EN 61557-8 [46], considering their application to “pure
DC IT systems”. Practically speaking, a pure DC IT grid does not exist as some
amount of differential- and common-mode ripple is always present. Such devices
are available on the market since long time (such as Bender [47], Danisense [48] or
THIIM [49] brands) with sensitivities that expose them to unwanted tripping, as
caused by current ripple, that may occur also on the earth conductors due to una-
voidable potential difference between remote locations (in particular when switch-
ing power converters are used). In some cases a selectable filter [48] allows to limit
the bandwidth, but the real susceptibility to high-frequency ripple is rarely declared,
nor disciplined by any kind of standard. Personal experience with one of these de-
vices indicates susceptibility (and unwanted tripping at the DC threshold of about
10 mA) in the range 50-70 mArms for ripple occurring at some kHz.

e  Series arcs detection methods [50,51]. The method in [50] is based on the comparison
of current drop estimates in successive short time intervals (50 ps) and with running
average values on longer intervals (50 ms), showing a factor of 2 of difference in the
indicators with and without arc; the required sampling is 200 kSa/s, so potentially
exposed to high-frequency pollution from static converters. Similarly, in [51] min
and max current values are run over optimized window lengths (5 to 25 ms), whose
difference is an indicator of intermittence; the influence of system noise was not in-
vestigated, although the number of consecutive windows used in estimates can be
used to filter out grid transients such as load steps, avoiding they are detected as
arcs. A much lower sampling of 1440 Sa/s is required in [52], thus less exposed to
system noise and high-frequency switching components.

AFDDs/AFCIs commercially available are mainly focused on AC grids (the EN
62606 [53] considers only AC distribution, whereas the UL 1699B [54] specifically
addresses arcs in DC grids and PV systems), but the extensive deployment of PV
systems has fostered the design of some specific devices [55,56]. The detection
method is not detailed, but the monitored frequency range is reported as above 20
kHz [56] and between 20 and 40 kHz [55]. In both cases this detection range would
be exposed to distortion from the AC network (for transformerless PV systems),
transient responses to e.g. step changes [57], and most of all to supraharmonics
originating from converters, as it is evident in [55], where the 16 kHz-spaced
switching harmonics have almost the same amplitude of the targeted arc noise
(there are cases of noise profiles dominated by such harmonic peaks). Tests of effec-
tiveness and performance indicated by the UL 1699B include a change of distance
from the arc to detect (farther by 66 m) to check sensitivity and the verification of
correct operation with an inverter connected. A quantitative framework would be
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welcome, specifying the minimum signal-to-noise ratio with respect to suprahar-
monics, that should be in any case subject to limitations.

e DC protections for large-power installations are implemented as assisted circuit
breakers (called “hybrid”) [11] or fully static semiconductor-based devices [10],
driven by detection algorithms. Various techniques have been proposed and applied
to DC railways [3,58] and distributed generation DC grids [59,60], exploiting various
methods and monitored grid quantities: i) methods based on autonomous signal
injection and impedance estimation [3,58] are rather immune to distortion, as ideally
the applied intensity may increase until a satisfactory operation is achieved; ii) the
criterion proposed for the DC side of a wind power system in [59] is based on DC
ripple, that in normal conditions must be low (0.2 %) for the method to work; iii) the
robust technique correlating internal current waveforms to separate faults of inter-
nal and external origin [60] was tested against uncorrelated Gaussian noise, but not
with signal distortion, that is highly correlated as well.

PLC systems use the power conductors as a communication means and are poten-
tially exposed to equipment conducted emissions of differential type. For AC networks
PLC may be subdivided into long-haul communication (occurring at high voltage and
involving distribution and transmission substations) and a range of medium- and
short-haul systems providing telemetry, telecommunication, data exchange services over
a broad frequency range for e.g. tariff application and optimization, metering, distributed
control, diagnostics. These systems exploit both the medium frequency range up to 500
kHz (for example, CENELEC bands exploit up to 122 kHz, whereas FCC pushes up to
487 kHz) and a higher MHz range, suitable for broadband over power line (BPL) appli-
cations. Such techniques may be considered straightforwardly applicable to DC grids, as
the characteristics of cables in terms of attenuation and transmission are similar and the
physical extension of a DC grid is in general limited. Focusing on PQ and disturbance
rather than the suitability of DC grid architectures, a general concern regarding the noise
margin for reception levels is well grounded.

In fact although there are no limits of emissions for supraharmonic emissions from
DC equipment, the typical emission limits in the EN 55014-1 [61] may be considered s a
minimum reference level. Using then the test case in [62], Fig. 6, it is easy to see that the
66 to 56 dBuV quasi-peak limit between 150 and 500 kHz translates into —64 to —74
dBm/Hz, having used the 200 Hz resolution bandwidth. The signal-to-noise margin is
thus 10 dB with respect to the G3-PLC received signal plotted in [62], not accounting for
the quasi-peak to peak value transformation (that is usually in the order of some dB up to
about 10 dB). The typical noise of the studied DC grid with a resistive load instead is
comparable or larger than the received signal, with peaks of an underlying modulation
with 16 kHz pattern (the interface converter providing the DC supply) well above by
about 10 dB. It is observed that the PLC modems used for the tests (Devolo G3-PLC 500k
[63]) have an output power of only -9 dBm @ 50 Q (0.1 Vrms) and there is margin to in-
crease it up to the maximum of about 3.1 Vrms allowed by the EN 50065-1 [64]. This is
almost compulsory for electric vehicle charging applications where the limit of con-
ducted emissions at the vehicle-charger interface is set to industrial environment levels
and above, at 79, 100 and 130 dBuV quasi-peak for <20 kVA, >20 kVA & <20 kVA, and
>75 kVA of rated power, respectively [65].

Considering thus the sum of the disturbance of many EN 55014-1 compliant devices
sharing the same grid or the specific disturbance of interface AC/DC and other DC/DC
converters (e.g. serving loads and storage devices), the amount of noise may affect the
signal-to-noise ratio significantly, as shown in [62], Fig. 8, that just focuses on a very lim-
ited number of connected devices. As a consequence, a balanced and comprehensive
limitation of emissions in the supraharmonic range is a necessity to allow smooth opera-
tion of PLC technology in modern DC microgrids and smart grids. An effective approach
is the adoption of spread-spectrum modulation converters, as demonstrated in [66].
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For other types of equipment there remains a general concern of EMI that may be
addressed by using the immunity test levels as reference. Distortion phenomena may
propagate in differential mode (the most common and traditionally considered), but also
in common mode. The IEC 61000-4-17 [67] addresses the differential-mode coupling onto
the dc port of equipment, but the IEC 61000-4-16 [68] is quite relevant for common-mode
disturbance on an extended frequency range. Such standards are, however, rarely re-
called by product and application standards, so that they remain largely voluntary. The
IEC 61000-4-16 focuses on the frequency range up to 150 kHz, immediately beneath the
IEC 61000-4-6: this test is justified by the vast use of switching power converters and the
propagation along interconnecting cable screens and armors, as well as other conductive
parts (such as cable trays and ladders). Nevertheless, such converters can cause also dif-
ferential-mode distortion affecting network quantities beyond the traditional limit of
2-2.5 kHz for harmonics. Propagation of both common- and differential-mode disturb-
ance is favored by interaction and resonances between network capacitance and local
equipment filters (e.g. EMI filters, and by extension all filters, feature both Cy, common
mode, and Cx, differential mode, capacitors).

It is observed that in DC grid applications there is in principle no limitation for Cy
capacitors (except for the 75 nF/kW figure of MIL-STD-461 [69], discussed in sec. 3.5),
whereas it's extensively applied in AC networks to limit the zero-sequence current
leakage. A larger capacitance value implies a better control of EMI directed outside, but a
larger common-mode current injection in the local ground connection, possibly exposed
to amplification caused by resonances of a real installation (occurring also in case of
compliant equipment if taken alone).

From this the relevance of suitable PQ indexes to weight the amount of distortion
and spectral pollution for both differential and common-mode circuits, that allow also
the evaluation of the incremental effect of new equipment and filters [19].

2.2. Voltage fluctuations and variations

1

The terms “voltage fluctuation” and “voltage variation” are often used inter-
changeably, with some standards using only the former (EN 50155) or the latter (MIL
STD 704), and possibly associating variation with ripple. We may say that voltage fluc-
tuations and variations may be defined as slow changes of the network voltage within or
exceeding, respectively, the stated tolerance values of the nominal voltage. In addition, to
the term “variation” it is sometimes associated the concept of a faster behavior, although
a clear distinction is not agreed.

Voltage fluctuations in general affect the delivered amount of power and are re-
sponsible of a change of the reference quantities used by control systems. The straight-
forward compensation is possible either by means of local control of each source and load
(as it is commonplace, but cannot operate beyond ratings), or by an external support,
using storage devices and DC springs [70].

For some sources fluctuations are intrinsic to the physical principle of energy gen-
eration, such as with PV and wind systems: clouds, environmental temperature and
change of isolation during the day for the former, mainly change of wind speed and di-
rection for the latter.

In general, DC systems are characterized by a wider range of variation of the net-
work voltage compared to AC systems of similar power rating, as pointed out in sec. 3.1.
Even small DC systems fed by batteries (e.g. for backup or mobile applications) must
consider the network voltage increase during recharging (usually amounting to
+20/30%). A voltage variation then is the normal DC grid reaction to a load step and to
inrush phenomena (see sec. 3.3), for which standards specify a range of immunity tests
for equipment against overvoltages and undervoltages of variable duration (detailed in
sec. 3.1). In electrified transportation lines at isolation points of catenary or third rail, the
line voltage has a step change when crossing the discontinuity, and is accompanied by
arcing phenomena that might also have a peculiar spectral signature, as shown in [71].
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2.3. Network instability, oscillations and resonances

Special consideration is given to phenomena of network instability and resonance,
identifying the relevant characteristics and devising PQ indexes that are capable of mon-
itoring, tracking and possibly indicating incipient resonance conditions for prevention
purposes.

The phenomenon is periodic and the apparent characteristic is the increase of the
amplitude of one or few components (accompanied as a consequence by a slight increase
of the overall rms value). Traditionally the attention has been focused on high-frequency
resonances. As observed in [72], the Total Harmonic Distortion is not a good indicator, as
low-order harmonics with higher amplitude would mask the distortion increase at
higher frequencies, so that it is more effective to calculated band-limited THD indexes,
such as with a filter bank approach. The consequence of resonances is the local increase of
distortion (a first stress factor for components, as discussed below in sec. 2.4) and the
significant increase of the peak network voltage, causing undue stress and out-of-rating
operation for components and equipment. Excessive peak voltage is in general at the
origin of untimely triggering of protecting relays and permanent damage to surge pro-
tecting devices (SPDs) [73].

The interaction of distributed sources and loads through the grid may cause insta-
bility and oscillations that are usually classified as high-frequency oscillations (HFOs)
and low-frequency oscillations (LFOs).

2.3.1. High-frequency oscillations (HFOs)

HFOs are caused by resonant conditions of the infrastructure, accounting for in-
ductance and capacitance in the various grid elements: cables, converters and their filters,
etc. They are common to all networks that contain a significant deal of reactive elements,
and in particular in case of large physical extension, where resonances occur at lower
frequency with a corresponding lower damping as losses are lower (e.g. skin effect and
dielectric losses). Also for a small grid with limited inductance and capacitance of con-
necting cables HFOs may occur in the frequency interval of major converters emissions.
Voltage controlled and current controlled converters (for example interfacing Distributed
Generators, DG) may be modeled by the parallel combination of the series impedance Zs
and parallel admittance Y, of their equivalent circuits, respectively, including the im-
pedance of connecting cables. As demonstrated in [74] and applied to DC grids in [28],
where the two curves Zs and 1/Y; cross each other and the phase difference approaches
180°, the Nyquist condition is met for sustained oscillations and instability. This usually
occurs in the interval of hundreds of Hz to some kHz, distinguishing a first resonance fn
where Z; is inductive and 1/Y} is capacitive, followed by a second one (f2) with the op-
posite behavior about a decade above. The first resonance fr1 is generally characterized by
a large value of Z; that only has started its decreasing slope to intersect the increasing 1/Y»
curve, and is thus of the oscillating voltage type. Conversely, the second resonance fr2 will
see much lower impedance values with amplification of the current. Resonance frequen-
cies may be excited by a wide range of phenomena of both transient and steady nature:
load step within the dc grid, step reduction in the generators also within the grid, har-
monics of the connected generators and loads, voltage sags/swells from outside the dc
grid through the interface converters. The second intersection is located at some kHz or a
ten of kHz in the supraharmonic range.
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Table 1. Summary of effect of sources and loads (and their number) on DC microgrid main resonance [28].
Sources and Loads ® Grid parameters
(increase number or rated power) Stability ®  Impedance Main res. freq. Main res. damping
Sources Voltage controlled (VCS) 0 J 0 0
Current controlled (CCS) N T J W
Constant current CCL) ) — 0 0
Loads Constant impedance (CIL) T — ™ ™
Constant power (CPL) ® J — \2 A

Notes: @ Effect of sources and loads is evaluated assuming that their number or their rated power increase;
@ Contribution to stability is neutrally evaluated, as a consequence of damping;
® CPLs in their operating bandwidth behave like negative CILs.

2.3.2. Low-frequency oscillations (LFOs)

LFOs, instead, are the result of instability of the combined action of sources, loads
and storage devices with their control systems. A significant research effort is trying to
define rules and methods for the control of stability following e.g. load step changes, al-
lowing reconfiguration of the network with inclusion of new energy sources without
major changes of the existing control algorithms [28]. Typical oscillation frequencies are
in the range of some Hz to some tens of Hz. Several factors can bring the oscillations to
lower frequency: electromechanical oscillations (in particular with hybrid AC/DC grids,
embedding ac motors as for diesel generators, turbines and micro-turbines), the exten-
sion of the system (with longer cable connections), the power rating of the connected
apparatus (lower impedance values and lower dynamics) and the behavior of Constant
Power Loads (CPLs), and by extension Distributed Generation operated in constant
power dispatch mode and maximum power point tracking mode (electrically behaving
as CPLs [75]). LFOs typically occur in the Hz to tens of Hz range, as shown for the hybrid
AC/DC systems including wind farms and HVDC link [76] and AC machines [77].

In microgrids voltage control by droop-controlled sources is exposed to
low-frequency resonance frequencies with low damping, which is sometimes improved
by interposing passive elements that increase damping, resulting however in poorer
control performance and lower system efficiency [78]. Active damping methods are more
attractive, but necessitate a more careful design, especially for robustness with respect to
various microgrid topologies and introduction of new sources and loads, or storage el-
ements. The strategy followed in [78], for example, is that of clustering the zeros of the
sources local control in the resulting microgrid overall transfer function, so that adding or
removing one source will not affect the migration of network poles. A minimum damp-
ing strategy for each controller is also followed, so that, when microgrid structural
changes occur, the worst case of zero series impedance is already included and covered
by adequate damping.

LFOs result in poorer network response to load steps and changes of operating
conditions, perceived as a fluctuating network voltage by connected loads, leading in
some extreme cases to out-of-range values. From a PQ index viewpoint with a monitor-
ing and supervision objective, such oscillations may be detected by ripple estimate in an
approximate frequency range of 1 to 100 Hz (see sec. 3.4.3).

2.4. Stress, heating and aging of components

There is general agreement that the stress of components (capacitors, batteries, ca-
bles) is mainly related to overheating, which is in turn led back to the rms or ripple of the
flowing current. Indirectly, for batteries and capacitors network voltage values steadily
above the nominal values for which these storage elements have been rated may lead to
“dielectric stress”, and design margins should include this aspect. Overheating (with
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higher operating temperature and evaporation of materials) is the most relevant factor
causing accelerated aging of components.

2.4.1. Capacitors

In general, capacitors for DC link and power applications may be subdivided into
[79]: Aluminum electrolytic capacitors (Al-caps), Metallized Polypropylene Film Capac-
itors (MPPF-caps) and Multi-Layer Ceramic Capacitors (MLCC or MLC-caps). The major
failure mechanisms are synthesized in [79], sec. III.A, identifying as the “most critical
stressors” temperature, voltage and current for Al-caps, but only temperature and volt-
age for the other two types; the reason is a significantly larger Equivalent Series Re-
sistance (ESR) for the former and a lower tolerated ripple current.

Power dissipation contributions are two: dielectric losses and ohmic losses (related
to the ESR); the latter is usually the largest for high-quality dielectrics [80]. The two terms
have in general an opposite behavior with respect to capacitance: capacitors with larger
capacitance have lower dielectric losses, but higher ESR losses. Focusing on dielectric,
higher stress occurs when the peak value of the inner electric field is larger.

In [82] relevant factors were identified for non-polarized dielectrics (Cross-Link Poly
Ethylene, XLPE, and Polypropylene, PP): the amount of harmonic content in terms of
rms, but also the maximum peak value of the electric field, and the rate of change of the
electric field, that are synthesized by the following indexes Kp, Krms and K.

E E E
K, = K e = =205 K, = Y (h*ad), a,=-L 1
’ Elp " Elrms ’ ; El ( )

These indexes clarify three concepts:

e  the peak value of the electric field (or voltage) indicates the stress on dielectric;

e the total rms value compared to the fundamental weights the overall distortion of
the waveform and this is applicable in general to voltage and current;

e components at higher frequency cause additional heating not only for more pro-
nounced skin effect in conductors (and possibly proximity effect), but also increased
dielectric losses, and this is indicated by Ks; this index was derived focusing on the
impact of signals with a large derivative, weighting thus each component by its
harmonic order; the harmonic order # is in general recognized as related to increased
power losses, although they do not go necessarily linearly with .

Relative to voltage components the flowing current increases with frequency as the
capacitive reactance decreases; in addition self heating causes a change of resistivity and
dielectric dissipation factor. Capacitor manufacturers weight all these factors to deter-
mine the stress on their components and the expected life. The general empirical expres-

sion reported in [79] is
L=1L, r exp E 1 1 2)
Vy K, \T T,
where:

L and Lo are the lifetime under actual the use conditions and as tested, respectively;
V and Vo are the voltage at use condition and as tested, respectively;

T and To are the temperature in Kelvin at use condition and as tested;

E. is the activation energy;

Kz is the Boltzmann’s constant (8.62x10-° eV/°K);

n is the voltage stress exponent.

The voltage V in this formula is a steady DC value, deprived of distortion, ripple,
and transients. The reason for such expression involving the activation energy and
Boltzmann'’s constant is the underlying use of the law of Arrhenius.
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For ceramic materials the values of E. and # are in the range of 1.2-1.5 and 1.5-7,
respectively [79]; the highest values of n are for new technologies using thinner dielectric
layers. A similar relationship is shown for Al-caps in [83] with n ranging from 1 to 6.

For electrolytic capacitors a known simplification of the general expression (1) is
achieved assuming a 125 °C temperature range AT and observing that

- LO[VLJ 28710, 3)
0

resulting in two influencing terms (the so called “lifetime multipliers”), one depending
on voltage and one on the temperature change.

The effect of current ripple is included as heating [84] caused by ESR and dissipation
factor (D or tand), that have opposite temperature dependency: where the former reduces
with increasing temperature by about 1-2%/°C [85], the latter has a moderate increase of
about 0.3-0.4%/°C. Knowing the thermal parameters of the capacitor, the ripple quantity
can be related to a temperature increase, and thus included in the lifetime equation.

2
AT = kT(I’I’f 0 ] (4)

0

where Irf, indicates a reference ripple current at a given frequency fo, usually selected at
the two ends of the band, namely 100/120 Hz or 100 kHz.

For the calculation of expected life, pragmatically, Nichicon [85] and Rubycon [86]
(among other manufacturers) tabulate a frequency factor Ky that weights the relevance of
a component to ESR value with respect to a reference frequency, in the present case 100
kHz (in other cases also 100 Hz or 120 Hz, the typical ripple of a single-phase diode rec-
tifier, may be taken as reference). Values are shown in Figure 1. The most relevant varia-
tion occurs in the first decade of frequency, with Ky almost doubling for the lowest ca-
pacitance values and increasing by 10-20% for the largest values. Alu capacitors of higher
voltage rating (i.e. 100 to 400V) have higher values of ESR and their increase with fre-
quency is less relevant: Krincreases by 30 % in the first decade of frequency at 1 kHz and
another 10-15 % going up to 10 kHz.

Rubycon 120 Hz| 1 kHz |10 kHz|>100 kHz 1 | -e-Ri8239yF
R: 8.2-39 uF 042 | 0.7 09 | 1.0 0.9 — @ -R:47-270 yF
R: 47-270 uF 05 | 073 | 0.92 1.0 R: 330-680 uF

R: 330-680 uF 0.55 | 0.77 | 0.94 1.0
R: 820-1800 uF | 0.6 0.8 | 0.96 1.0
R:2200-8200 uF| 0.7 | 0.85 | 0.98 1.0

Nichicon 120 Hz| 1 kHz |10 kHz|>100 kHz
N: 160 pF 04 | 0.75 0.9 1.0
N: 220-620 pF 0.5 0.85 | 0.94 1.0

©

- @--R: 820-1800 pF
R: 2200-8200 pF
—0—N: 160 pF
——N: 220-620 pF
N: 680-2000 pF
—— N: 2200-4300 pF
N: 4700-12000 pF

Freq. Factor
o o o
~

o

et
3]

N: 680-2000uF = 0.6  0.87 095 1.0 04
N:2200-4300 uF 075 09 | 095 1.0 120Hz  1kHz  10kHz >100 kHz
N:4700-12000 | 0.85 095 098 @ 1.0 Frequency

Figure 1. Frequency factors for Aluminum electrolytic capacitors as reported by manufacturers [85, 86].

For Alu capacitors tests of simulated peak-to-peak ripple of 10% at 50 Hz and 10
kHz are reported in [87]: uniformity of behavior is not achieved between the four tested
lots A, B, C, and D, for which the average figures are characterized by a significant dis-
persion and a final robust estimate by means of the median is here proposed (see Figure
2). Interestingly, results of weight loss is also reported in [87], as caused by the evapora-
tion of the electrolyte that, besides porosity, is the main cause of ageing and is thus a di-
rect indicator. Posthumous electron microscope scans of the extracted anode foil are also
shown as an indication of porosity. It is remarked, as shown in Figure 2(c), that the dif-
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ference between 50 Hz and 10 kHz ripple is more remarkable when weight loss is con-
sidered, suggesting that the usual “electrical tests” of capacitance and ESR might under-
estimate the relevance of high-frequency ripple and that a conservative approach would
be advisable.

Lot A Lot B LotC Lot D .
Elapsed 50 H 10 kHz (PWM 50 H 10 kHz (PWM 50 H 10 kHz (PWM 50H 10 kHz (PWM Dt
time[h] | M2 2] pift. |, "2 2 pift. |, " 2 piff. |, > "Z 2 Diff. | median
(sinusoidal) like) (sinusoidal) like) (sinusoidal) like) (sinusoidal) like)
250 -1.03% -1.32% 28.2% -1.30% -1.80% 38.5%)| -0.88% -0.81% -8.0% 0.31% 113%  2645% 33.31%
500 -1.05% -1.48% 41.0%| -2.56% -3.54% 38.3%| -2.09% -2.42% 15.8% -1.23% 221% 79.7%| 39.62%
750 -1.50% -1.64% 9.3%] -4.06% -4.25% 4.7%| -3.18% -3.63% 14.2% -2.51% -3.20% 27 5%| 11.74%
(a)
Lot A Lot B Lot C Lot D
Blapsed 50 H 10 kHz (PWM 50H 10 kHz (PWM 50 H 10 kHz (PWM 50H 10 kHz (PWM e
time[h] | >h2 2 Diff. | > 12 piff. | > 2 2 Diff. | > 2 2 Diff. | median
(sinusoidal) like) (sinusoidal) like) (sinusoidal) like) (sinusoidal) like)
250 2.03% 2.35% 15.8%| 5.72% 8.57% 49.8%| 11.15% 13.28% 19.1% 8.82% 8.84% 0.2%)| 17.44%
500 6.12% 7.35% 20.1% 22.78% 30.70% 34.8%| 36.34% 38.71% 6.5% 15.37% 17.82% 16.0% 18.04%
750 10.09% 12.13% 20.3% 36.59% 46.78% 27.8%| 55.03% 57.73% 4.9%| 20.93% 24.36% 16.4% 18.31%
(b)
Lot A Lot B Lot C Lot D
Sl 50 H 10 kHz (PWM 50 H. 10 kHz (PWM 50 H 10 kHz (PWM 50 H 10 kHz (PWM itk
time[h] [ "2 12 pift. |, "2 2 piff. |, "2 2 piff. | > "2 12 Diff. | median
(sinusoidal) like) (sinusoidal) like) (sinusoidal) like) (sinusoidal) like)
250 0.02 0.04  100.0% 0.12 0.16 33.3%) 0.05 0.09 80.0% 0.12 0.08 -33.3% 56.67%
500 0.04 0.11 175.0% 0.19 021 10.5% 0.11 0.19 72.7%) 0.15 0.19 26.7%| 49.70%
750 0.09 0.14 55.6% 0.23 0.27 17.4% 0.17 0.28 64.7%) 0.27 0.32 18.5% 37.04%
(©)

Figure 2. Aluminum electrolytic capacitors: ageing of (a) capacitance, (b) ESR and (c) weight loss vs. ripple frequency and elapsed
time (peak-peak ripple amplitude 10%) [87].

For MPPF capacitors results of lifetime vs. voltage ripple show a reduction of a fctor
of 5 for an increase of ripple by 10 % at various operating temperatures of 50, 70 and 85
°C [80,81].

Having accounted the current ripple by its thermal effect, superposition of ripple
components at different frequencies is attained by rms summation, confirming the va-
lidity of the rms measure of current ripple with a band-limited approach, with the pos-
sibility of assigning a different weigh to each band. In the following expression that an-
ticipates the rms ripple Rms that will be discussed in sec. 3.4.3, the various Remsi terms
calculated over frequency intervals FIi are rms summed after weighting by wi is applied:

2
ers,tot = /ZWiers,i (5)

The behavior of cables can be assimilated to non-polarized capacitors of e.g. PP type,
sharing the same type of dielectric.

2.4.2. Supercapacitors

A coherent behavior for supercapacitors with respect to ripple, frequency and self
heating is difficult to find. Variability of parameters alone within the same lot is signifi-
cant [32] (spread of ESR about 50 %, capacitance 10 %), quite similar to what is observed
for Alu capacitors (see previous sec. 2.4.1). Large differences were observed for devices of
similar characteristics, but different manufacturers, with respect to the applied current
ripple [33].

The effect of ripple frequency on device ageing is controversial: in [33], observing no
difference for the results obtained with 100 Hz and 10 kHz ripple, the authors conclude
that no ageing effect is ascribed to such frequencies, as ions driven by the ripple fre-
quency are not fast enough to enter electrode porosity and modify the electric field gra-
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dient. In reality the comparison in Table 2 shows that some contribution may be expected
up to a factor of 2. Conversely, at low-frequency the ripple influence on ESR and capaci-
tance has been identified with significant agreement [32,88], where tests were done con-
sidering low-frequency simulated charge/discharge waveforms (on/off waveforms).

Table 2. Supercapacitors: dependency of ESR and Capacitance on frequency, ripple, number of cycles.

Ripple ESR Capacitance Ref.
20% rms, 0.1 Hz Sarr* et al.
¢ 1' 00 = 00 i 1 _ 00 22 OO i 1
(+5Apk sin. on 30Adc) inear +50% @ 0-60% ripple 5% @ >20% ripple 32]
10% rms, 100 and 10 kHz +2/+20% @ 1000 hr, -10/-16% @ 1000 hr, German et
(12 Arms sin. on 120 Adc) +25/+70% @ 5000 h -25/-30% @ 5000 h al. [33]
0% @02 Hz, +15% @ 0.5Hz 2% @0.2 Hz, -3% @ 0.5 Hz
16.7% p-p (9.6% rms), 0.1-0.5 Hz +8% @ 1000 cy (110 h), —2% @ 1000 cy (110 h), Bellache et
(£5Apk triang. on 30Adc) +8% @ 8000 cy (900 h), -5% @ 8000 cy (900 h), al. [88]
+12% @ 14000 cy (1550 h) —-6% @ 14000 cy (1550 h)

* Sarr et al. mix ripple and number of cycles: the longer the test the higher the ripple, that increases by 20% every 56 hours (250

cycles of 400 s duration each)

The observed different behavior with respect to frequency [89] led to propose
standardized frequency intervals to measure and express device characteristics: < 0.01
Hz, 0.01 - 10 Hz, 10 - 1000 Hz, > 1000 Hz, with the first two the most relevant for ageing.

Results of Table 2 may be synthesized for dependency of ESR and capacitance from
ripple frequency, ripple amount and number of cycles in the following way:

e a net difference between 0.2 Hz and 0.5 Hz was observed in [88], that occurs in the
middle of the frequency range identified in [89];

o  the effect of the 100 Hz and 100 kHz in [33] is the same;

e  ageing due to the amount of current ripple is evident when above about 20% [32];

e the ageing figures with respect to ESR and capacitance obtained by [88] are simi-
lar/lower than those appearing in [33] for the same time interval; observing that the
difference is in the ripple frequency, we may conclude that high frequency would
contribute to the ageing factors moderately, but up to a factor of 2 for capacitance
reduction.

Considering voltage, capacitance is remarkably larger at higher voltage [89]: a
2000 F @ 0.5 V supercapacitor exhibits increased values of 2500 F @ 1.4 V and 3000 F @
2.6 'V, so that it is likely that the interface converter is designed for higher cell bias volt-
ages, in order to maximize capacitance, but closer to the decomposition voltage identified
in [90]. Ageing is in fact favored by excessive voltage (above the decomposition voltage
of the electrolyte, favoring redox reactions in association with unavoidable impurities)
and temperature (that increases the reactivity of chemical species).

It is evident that voltage ripple effects are amplified if superposed to a bias voltage
that was trimmed large to maximize capacitance and stored energy. This means that in-
dications and limits should be conservative (but not exaggeratedly) in covering the var-
ious operating and environmental conditions.

2.4.3. Batteries

For batteries three main technologies may be identified that have a significant usage
in DC applications: lead/acid (L/A), NiMH and Li-Ion. A fourth technology has been re-
cently added, Lithium Iron Phosphate (LIP). Large batteries have significant inductance
of the internal connecting wires and electrodes. Capacitance instead is an elusive concept
because superposed to the electrochemical process: to this aim we may distinguish an
electrochemical capacitance Ceen of several Farads and kFarads (related to the slower
chemical process), and a smaller geometrical capacitance Csw, determined by electrode
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geometry and deviating high-frequency components away from the charge process
(represented by Caren). At high frequency the penetration of ions in the porous structure
of the electrodes decreases, and the high-frequency capacitance is that of a simple planar
electrodes capacitor.

Internal resistance and losses are technology dependent and there is no general
agreement of findings [91]: the ohmic resistance is a complex combination of contribu-
tions of electrodes, electrolyte and active mass; especially for large cells some increase
caused by skin effect may be observed in the kHz range (higher for the highly integrated
models such as NiMH and Li-Ion technology). Inductance is proportional to cell geome-
try: the degree of inter-digitation and overall cell size are the most important parameters;
in general values range between tens and hundreds nH so that they become relevant
compared to resistance and capacitance from several kHz. The inductance of batteries is
not sufficient to cause resonance phenomena, also thank to the large damping. In general
the electrical parameters become geometrical and do not depend on the state of charge
for sufficiently large frequency, in the range of a hundred Hz, higher for smaller devices
with high integration.

Savoye et al. [92] for Li-Ion cells observe that the form factor FF of a current wave-
form (FF =1 ) is a good indicator: large values decrease the discharge efficiency

and also reduce the cell chargeability, due to an increase of its over-potential. A large
form factor may describe in reality not only truly said harmonics, but also pulsed signals
(typical of some converters and charging and discharging processes). Observing that the
form factor is related to the rms ripple Rwms (or distortion D), as FF=1+Rms, a
band-limited approach is thus confirmed as suitable, separating pulsed waveforms
(0.1-10 Hz), low-order harmonics (10-1000 Hz) and switching components (> 1 kHz), the
latter relevant for over-heating only. Ripple during charging reduces the battery effi-
ciency: a 5% Rms causes a loss of 5% of capacity, stabilized to —10% when the ripple
amounts to 20%, at a rate of 5C. Discharging is less sensitive, with 1% reduction when
rms = 20%.

For L/A batteries [93] the inductance of electrodes and terminals is particularly large;
the larger size of electrodes favors a more relevant skin effect, compared to smaller de-
vices with a high degree of integration and inter-digitation. Micro-cycle operation, thanks
to smaller acid concentration gradients and with reaction occurring closer to the elec-
trode pores, has smaller resistance values, thanks to the shorter current pathway through
the electrolyte. At low frequency (below a hundred Hz) the cell impedance is dominated
by the negative electrode; taking into account distributed capacitance, the terminal im-
pedance shows flat minimal impedance between about 100 Hz and 10 kHz [94].

For Li-Ion technology the beneficial effect of the geometrical double-layer capaci-
tance in parallel to the electrochemical charge transfer process is particularly evident [95].
Skin effect is observed at frequencies slightly larger than for L/A technology. Karvonen
and Thiringer [96] similarly report a resistance that is approx flat below 10 kHz, where it
begins increasing substantially. The reactive inductance increases slightly more than Vf
and stabilizes also at about 10 kHz.

In [94] it is observed that to maximize the current into the battery (for the different
purpose of improving the dynamic charge acceptance), the frequency must be selected
where the impedance is minimal: this means that a battery is more exposed to voltage
ripple occurring in the flat impedance zone, leading to a larger current, whatever then the
relevance for stress and ageing of the component. Results confirm a positive effect of in-
creased charge acceptance for L/A batteries, higher for increased ripple frequency.

For NiMH batteries [97] reports an almost inductive reactance increasing slightly
less than linearly with frequency between 5 and 20 kHz; a dependence on Vf due to skin
effect is reported for the resistance. At larger frequency proximity effect of nearby cables
causes significant increase of resistance, approximately quadratic with frequency. In
general, proximity depends on routing and construction and assembly details that cannot
be predicted for the device alone and attributed to it.

rms 1 avg
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Harting et al. [98] classify the frequency ranges relevant for the Li-Ion battery
mechanisms: interval I defined for 0-200 Hz (subdivided in turn into intervals Ia and Ib,
corresponding to 0-1Hz and 1Hz-200Hz, respectively) and interval II for
200 Hz - 10 kHz. Nonlinear processes, and as such reaction processes, as measured with
Nonlinear Frequency Response Analysis are not excited by components belonging to in-
terval IL. This is confirmed by [99] almost exactly in their Electrical Impedance Spectros-
copy results. Intervals Ia and Ib are thus related to inner Li-Ion battery mechanisms and
may be made correspond to solid diffusion and electrochemical reactions, respectively.
Buller et al. [100] confirm a 286 Hz corner frequency for separation of intervals I ad II; the
measured capacitive semi-circles all start at about 20 Hz and end up at about 20mHz,
where diffusion dynamics take place (Warburg impedance), thus possibly shifting the
division between Ia and Ib between 1 Hz and 20 Hz.

The high-frequency interval is more and more relevant with the extensive use of
power converters, e.g. for smart grid and automotive applications. Tests were performed
with respect to high-frequency ripple for Valve Regulated Lead Acid (VLRA) [94]. For
VLRA the corner frequency between capacitive and inductive behavior sets at 1.5 kHz,
whereas 200 Hz was previously identified for Li-Ion technology. In reality for VLRA an
almost flat impedance region was observed [94] between about 50 Hz and 10 kHz, for
which the phase crosses 0 at the said 1.5 kHz. When the analysis is focused isolating one
of the internal cells, the impedance curve becomes sharper and a 700 Hz resonance is
identified, closer to the previously found 200 Hz value.

Regarding uniformity of battery parameters, so to derive general and repeatable
rules of their behavior, the initial spread of cell parameters may be significant, as ob-
served in [101], where a bimodal distribution of Li-Ion cells was found (with centers of
gravity above and below nominal value), with a total spread of about 125% and (8% for
the initial capacity and resistance, respectively. The assembling process of cells into
larger battery units has a phase of cell selection, that reduces spread and makes the be-
havior of units more uniform.

2.4.4. Photovoltaic panels

Photovoltaic (PV) panels are exposed to significant ripple caused by the conversion
system responsible for the MPPT (maximum power point tracking) and by the optional
DC/AC interface inverter towards the utility. Ripple has impact on PV module efficiency
[102], measuring a reduction of efficiency proportional to the ripple frequency and am-
plitude, as reported in Table 3: tests were performed at 5, 10 ad 25 kHz ripple frequency
and variable ripple amplitude on a 20 W panel (9.5 V and 2.1 A at 1 kW/m? insolation and
25 oC; Irv,sc indicates the short circuit current available at that insolation level). Loss of ef-
ficiency is almost proportional to the frequency at the same ripple amplitude; at low
ripple the accuracy of measurements is such that no meaningful figures can be derived.

Table 3. PV panel efficiency as a function of ripple (frequency and peak-peak amplitude) [102].

Efficiency Ripple ampl. Ripple freq. [kHz]
% [mA] 5 10 25
Low insolation 50 >99 >99 98
0.07 kW/m2 100 98.5 96 91.5
Ipvse =175 mA 150 97 87 74
High insolation 100 >99 99 98
0.193 kW/m? 200 99 94 92

Ipv,sc =483 mA 400 — 81 75
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2.4.5. Fuel cells

Fuel cells (FC) of the proton exchange membrane (PEM) are quite diffused and are
considered in the following. As for batteries ad supercapacitors, the equivalent circuit
model of a fuel cell (FC) may be identified with the impedance scanning technique (the so
called “impedance spectroscopy”). In [103] this was carried out with an AC probing
signal of significant amplitude (in the order of 5% the rated current); three regions of the
impedance circles were identified, from which three time constants and related RC cells
in the equivalent circuit. Fuel cells, as other devices with reducing impedance with fre-
quency, are more susceptible to low-frequency ripple, the high frequency components
more easily filtered out by shunt capacitive elements. Tests were carried out on two FC
models (SR-12 and Nexa) at 120 Hz ripple frequency with variable intensity, resulting in
an output power reduction due to internal Joule losses: the two FC models behaved dif-
ferently with 1% loss for peak-to-peak ripple (that we later will identify as Ryy) of 45% and
33%, respectively. A second effect is the appearance of ripple in the FC output voltage
due to its limited short-circuit power (i.e. its internal resistance). This indicates that
moderate ripple current levels are tolerable as for loss of efficiency, and that the current
ripple may be set to about 10-20% peak-to-peak by design of the downstream converter.

Going into the details of the operating conditions and the FC physical response,
Fontes et al. [104] observed a hysteretic behavior at low frequency, in the order of the
dominant RC transient response or slightly slower: lagging appears due to the charging
and discharging of the FC capacitance following the applied ripple current. Conversely at
very low frequency (e.g. 1 Hz) the FC can easily follow the applied current variations,
whereas at very high frequency, variations are so fast not to interfere with the FC func-
tionality and “absorbed” by the slower time constant. This time constant is roughly given
by the membrane resistance (some mQ) multiplied by the double layer capacitance that is
in the order of some hundreds mF: the resulting time constant is in the order of one or
few ms, thus making relevant the frequency interval around a hundred Hz.

Gemmen [105] evaluated the behavior of the reactants in terms of pressure and
concentrations, as the physical quantities impacting directly on the FC behavior and
ageing. The monitored behaviors were the bulk concentration of hydrogen and the dif-
fusion of oxygen. The load simulated an inverter with an assumed square wave ripple of
variable amplitude, superposed to a variable steady DC current (that corresponds to
some utilization % of the FC, with about 45 A corresponding to a 100% level of utiliza-
tion). Ripple amplitude is measured as peak-peak ripple over the DC steady value. Rip-
ple frequency was varied between 30 and 1250 Hz. Hydrogen concentration is less in-
fluenced, with a reduction of 2% only above 70% cell utilization and at the lowest tested
ripple of 30 Hz, becoming negligible above 120 Hz. Conversely, oxygen concentration is
more affected. Data have been extracted from [105] and shown in Table 4.
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Table 4. Fuel Cell efficiency* as a fuction of ripple (frequency and peak-peak amplitude, expressed
by ripple factor Iyy/Ipc) [102].

Test Operating Ripple Ripple freq. [kHz]
type point % factor % 30 60 120 1250
Hydrogen <80 >99 >99 >99 >99
concentration 98 91 96 _ _
3 >99 >99 >99 >99
25 9 >99 >99 >99 >99
30 97 98.5 99 >99
Oxveen 3 >99 >99 >99 >99
. Kﬁe o 62 9 98 99 99 >99
concentratio 30 93 95 96.5 99
3 99 >99 >99 >99
98 9 95 97.5 98 >99
30 85 87 91 97.5

* Efficiency corresponds to percentage of utilization, measured as concentration of hydrogen and
oxygen at electrodes.

It may be concluded that a peak-peak ripple factor of less than 3% is negligible at all
ripple frequencies for all FC operating points. A ripple factor intermediate between 3%
and 9% (such as 5-6%) is also negligible provided that the FC utilization is limited to
about 80%.

2.5. Overview of relevant frequency ranges and intensities

This section has the only purpose of collecting the elements discussed so far and
presenting them in a comprehensive immediate way, as shown in Figure 3, where it ap-
pears that values of some % of rms ripple intensity have no significant impact, confirm-
ing this level as a good limit over the low and medium frequency range.

L
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102 101 100 107 102 108 104 105 108

Frequency [Hz]

Figure 3. Graphical overview of relevant frequency ranges and intensities in per unit (percentage of nominal or tested values) for
phenomena reviewed so far. The objective is providing a snapshot without the intention of replacing the content of Section 2. In-
tensity is expressed in % of the nominal values, or typical settings for protection devices.

3. Standard classification of Power Quality phenomena

Based on the phenomena and effects discussed in the previous section, PQ is classi-
fied according to standards. This is the starting point for the discussion of PQ indexes
and algorithms in the next section. Aircrafts, railways, and ships, besides residential and
industrial applications, are considered, extending thus previous studies [13,39,106,107].
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3.1. Voltage swells, sags (dips) and interruptions

Overvoltages and undervoltages outside the interval considered in the normal tol-
erance of steady values may be named swells and sags (or dips) with analogy to AC
networks. A suitable interval of tolerance around the nominal network voltage needs to
be defined from a regulatory viewpoint. Some standards specify requirements in terms of
amplitude and duration: for avionics the MIL-STD-704F [108]; for marine applications,
encompassing e.g. both ships and offshore platforms, IACS Regulation E5 [109]; for
electrified railways and rapid transit systems the EN 50163 [111]; for telecommunications
and data centers the EN 300 132-2 [112] and ITU-T L.1200 [113]; for electric vehicles
charging network [38,65].

Immunity to voltage variations of AC equipment is tested as per EN 61000-4-11
[114], with the EN 61000-4-14 [115] specifying the characteristics of test setup and gener-
ator. A corresponding set of specifications for the test generator for DC equipment im-
munity appears in the EN 61000-4-29 [116], where 20% variations and 30-60% dips are
applied, as well as complete interruptions (100% dip), with duration of 10 ms to 1 s for
variations and 1 ms to 1 s for interruptions. However, the EN 61000-4-29 has been rarely
used to specify immunity of DC grid equipment, except for the EN 300 132-2 [112].

For railway on-board applications, instead, the EN 50155 [117] defines a set of tests
for equipment connected to the DC battery voltage line and is extensively applied.

Generally speaking, distinction is needed between long-term transient phenomena
(interruptions and fluctuations), medium-term ones (swells, sags, etc.) and short-term
phenomena, usually classified as spikes or surges. The first two have mostly functional
implications and are considered here; the third group is discussed separately in sec. 3.2,
as such phenomena involve issues of overvoltage protection and high-frequency
feed-through.

The definitions of the IEEE Std. 1159 [118] and IEC 61000-4-30 [119] for AC systems
indicate that a voltage sag or swell is identified when the instantaneous rms voltage
crosses the relevant threshold (e.g. £10% of nominal or steady rms value), and its dura-
tion is quantified measuring the time interval between two consecutive threshold cross-
ings in two opposite directions. This definition based on the rms estimate is possible be-
cause swells and sags are defined for time duration longer than 1 fundamental cycle. By
analogy for DC systems the steady Vac value replaces the rms and in principle it can be
calculated over an arbitrary time interval, although there is general convergence on 1 s
for its definition [108].

Table 5 summarizes normative limits and reference values for voltage swells, sags
and interruptions. Values are classified with a Type field, where the distinction is made if
the specification is a statement of environmental conditions (A=Ambient), a limit of
emission of equipment (E=Emission), a test level for immunity of equipment
(IEImmunity), or just a specification for the generator to carry out immunity tests
(G=Generator). Figure 4 gives insight in the time-amplitude curves of MIL-STD-704F
[108] (specification of Ambient reference levels) and EN 50155 [117] (specification of
Immunity test levels).

An interesting note of the EN 50155 (sec. 5.1.1.4) relates voltage interruptions and
inrush current, observing that during a short interruption, the DC distribution system
presents a “low impedance” (consequential to the short circuit causing the interruption)
and this condition can cause reverse inrush current from loads (see sec. 3.3).
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Table 5. Limits and reference values for transients (voltage swells, sags and interruptions)
(E=emission, Isimmunity, G=generator, A=ambient spec).
Standard Phenomenon T Nom. Ref. values
enome YP Volt. u, [V] ok vate
MIL-STD-704F  Voltage var. A 28,270 see Figure 4(a)
EN 61000-4-29  Voltage var. I 24-110 85-120 %, 0.1-10 s
EN 61000-4-29 Voltage dip I 24-110 40,70 %, 0.01-1 s
Voltage interr.
EN 61000-4-29 I 24-110 0 %, 0.001-1
HiZ & LoZ & °
IACS Voltage var. I <1kV 95-105 %
Lloyd Reg. Voltage var. I LV & MV 90-110 %
EN 50155 Voltage var. I 24-110 see Figure 4(b)
EN 50155 Voltage interr. I 24-110 0%, 0.01-0.03 s
U»—400—>Ux, 1 min
Un—260—Ux, 1 min
L.1200 Volt . A 300, 380 !
otage var Us—>410->Us, 15
Un—420—-Ux, 10 ms
L.1200 Voltage dip I 300, 380 40 %, 0.01 s
Voltage interr. o . .
L.1200 HiZ & LoZ I 300, 380 0 %:0.01 s (LoZ), 1 s (HiZ)
18 ' ' 16 Rise & Fall | H ' '
time 10 ms
e tar Rise&Fall |
14k 1oL time 100ms |
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() (0]
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02r or Rise & Fal i
0 02 [fime10ms | i
107 1072 107 10° 10’ 0.2 0 02 || 1 1.2 14
Time [s] Time [s]
(a) (b)

Figure 4. Profile of allowed transient overvoltage / undervoltage: (a) avionics (in blue the normal range and in brown the excep-

tional range, dark for 270 Vdc and light for 28 Vdc systems; the triangles indicate the permanent network voltage excursion around
nominal values; MIL-STD-704F [108]); (b) railways (overlapped curves of immunity tests as per Fig. 6 through 11 of EN 50155 [117];
colors just distinguish the profiles with no particular meaning).

3.2 Fast transients (spikes and surges)

There is a wide range of fast transients of internal and external origin, e.g. sudden
short circuits, load disconnection, induction caused by current transients (including short
circuits and indirect lightning phenomena), and direct lightning transients. Compared to
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AC networks transients feature lower intensity, thanks to the lack of induction for the DC
component of network transients and the large values of deployed capacitance together
with a distribution almost exclusively in cable, and thus a lower transient impedance.

In addition, it must be considered that the main source of lightning induced surges
are long exposed AC lines with a significant capture area, bringing in overvoltage tran-
sients through supply transformers. DC grids, instead, besides a limited extension of own
cables and the lack of overhead lines, are buffered with respect to AC networks by in-
terface AC/DC converters, that represent a barrier for the propagation of transients of
lighting origin. Some distributed energy sources may be more exposed for their own
construction, such as PV systems and wind farms. As a matter of fact, the generic EMC
standard for immunity in the industrial environment IEC/EN 61000-6-2 [120] prescribes
two different test levels of Electrical Fast Transients and Surges for AC and DC power
ports, namely 2 kV and 1 kV, respectively. This is confirmed also by the EMC product
standard for PV power conversion equipment EN 62920 [121].

Typically exposed DC grids may be identified in electrified transports, which indeed
have demanding specifications for overvoltages. The required voltage withstanding ca-
pability for equipment connected to the traction line is aligned with the expected over-
voltage levels indicated in the EN 50124-2 [122], with a reference peak voltage of the long
transient amounting to 4 times the nominal voltage (4 kV for a 750 V metro, 100 kV for a
25 kV railway), similar to those for overhead power lines at MV level.

3.3 Inrush current and short-circuit current

Inrush current is in general caused by sudden changes of network topology and line
voltage, where a capacitive circuit reacts to a voltage step change of its voltage, together
with oscillatory response. Relevance of inrush is mainly around two points: the conse-
quential grid voltage variation involving all other connected users, and the untimely
tripping of protections. The waveform is similar to that of a short circuit, especially in
networks with limited supply power and for this reason this case is also marginally con-
sidered below, although not fully in thee scope.

Inrush current has a positive sign entering the load or equipment, as it is often the
case, where an energy storage device or a filter are directly connected to the DC grid with
an existing difference of terminal voltage. As anticipated in sec. 3.1, the EN 50155 [117]
warns against negative inrush (from the load onto the grid) when voltage interruptions
occur, as the grid goes in a low-impedance state associated with a momentary short cir-
cuit; during the transient the charged capacitors inside loads provide energy back to the
grid, feeding the short circuit with a range of transient responses that depend on the
electrical parameters of the circuit.

Capacitors are extensively used, for filtering and leveling purposes, including EMI
filters, and inrush phenomena are thus quite frequent. In case of large-value capacitors a
switch on procedure must be implemented: for example, railway vehicles are always
equipped with a front-end LC low-pass filter that causes significant inrush if the connec-
tion to the supply line is established without precautions. A filter charging procedure is
often used, using a limiting resistor that is then bypassed when the filter has reached a
sufficient voltage level, meaning that capacitors are adequately charged. When connect-
ing then to the current collection system, inrush is much reduced, although transients
cannot be excluded, characterized by a rapid low-energy arc, as shown in [123].

A similar occurrence was pointed out in [124], as caused by the input capacitance of
EMI filters connected to LV DC grids. Reported results (experimental and simulated)
show that a 500 V overshoot and 270 V undershoot may occur over a DC grid with 380 V
nominal voltage, configuring an approximate +30% excursion. For the studied cases these
phenomena are quite fast, with durations in the order of 10 ps, so faster than typical in-
rush; the reason is that the exchange of current occurs between equipment under the
same power distribution unit, so not farther than 0.5 m (and the inductance of the con-
necting cables is less than 1 pH). When the star arrangement branching directly from the
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main power cabinet some tens of m away is considered (and cable inductance is about 50
times larger, about 40 pH), the reported overshoot is limited to about 450 V (still +18%);
no waveforms are provided, but it may be estimated that the rate of rise is proportionally
lower so that duration is 50 times longer, in the order of 0.5 ms, and thus a real inrush by
all means.

These tests were carried out with a DC grid of limited extension; by comparison the
dmax test in the IEC 61000-3-3 [125] is carried out by repetitive inrush with a feeding in-
ductance of 796 pH, corresponding to a more extended network (in the order of 1 km). A
fully developed DC grid of similar extension, but with larger deployed capacitance, will
exhibit both resonances and significant voltage drops if not locally compensated (at the
expense of increasing somewhat local inrush phenomena and rapid overshoot, as initially
commented).

As anticipated the negative effects of inrush are the voltage drop and the unwanted
tripping of protections, and limits should take care of these two points, as shown in Fig-
ure 5, where different portions of the limit curve can be recognized, addressing namely
various fuses and circuit breakers, including “de-latching effect” of the latter (EN 300
132-2 [112], Annex F).

Inrush Current @ Nominal Voltage

Figure 5. Inrush limits for telecommunications and data centers (EN 300 132-2 [112]),

having indicated with Im the maximum steady state input current of the ICT equipment.

Focusing on the internal capacitors as causes of inrush for DC equipment, it is pos-
sible to distinguish two contributions: a rapid one, given by the EMI filter Cy capacitors,
and a slower one, flowing through the leveling capacitors and the first input stage. This
gives rise to a peculiar waveshape as shown in Figure 6, with two inrush events with
different duration, which for proper and accurate weighting from a PQ viewpoint would
need a ripple index trimmed to two different time scales, namely a hundred ps and 1-3
ms (see sec. 4.2). The attention is drawn on the large amplitude of the Cy inrush, that is
possible in particular if the DC equipment is backed up by a local storage (capacitor, su-
percapacitor or battery), that is then affected by repeated events mainly at each switch on
and off of downstream equipment.
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Figure 6. Overlapped inrush events as caused by EMI filter Cy capacitors and leveling capacitors of
the first input stage of DC equipment (EN 300 132-2 [112]).

Waveshape and consequences for the rest of the DC microgrid and its connected
devices of inrush event are quite similar to short circuits: voltage reduction followed by
the oscillatory transient response, that for short circuits occurs after the clearing of the
fault. As said, the overall response depends largely on the physical extension and the
amount of deployed capacitance. Deployment of some amount of capacitance has two
purposes: leveling transients while improving network voltage, but also providing en-
ergy to feed short circuits with a current intensity sufficient to trip traditional protection
devices (fuses and circuit breakers). The EN 300 132-3-1 [126], Fig. G3, gives an example,
shown in Figure 7.

Power distribution cabinet 500———————r———+—+1+——+
Power cable : | Power cable
i (200 mm?, 30 m) Ctpsa o Euse (14 mm2, 3r
Rectifier box 450
L, R, |[(cp=546mF) (30A) L R

+190 V

N W n =

J__ 15.9uH 5.4 mQ L 2.0uH T o
T T el

SNP o

>

-190 V l
Fuse

i (30 A)

20uH 7.7 mQ

Figure 7. Voltage transient caused by short-circuit at one connected load of a power distribution
cabinet with short power cables (EN 300 132-3-1 [126]).

The initial voltage reduction is caused by the voltage drop while feeding the short
circuit current, including the large capacitor box; after clearing the fault, the voltage at the
power distribution cabinet has a bounce to about 450 V with a damped oscillatory wave
(roughly given by the circuit formed by cable inductance Ls and capacitance Cy) super-
posed to the exponential decay to the nominal situation.
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3.4 Harmonics, ripple and periodic variations
3.4.1. Harmonics

In principle harmonics can be estimated with various techniques, all aiming at de-
termining amplitude and phase of spectrum components, assuming local stationarity at
some extent. The IEC 61000-4-7 [127] is a well-structured and complete standard that
covers suitable methods and algorithms for the quantification of spectral harmonic
components, including inter-harmonics. However, the underlying assumption is always
that of the presence of fundamental and harmonically related components, also for in-
ter-harmonics, as e.g. caused by variable frequency drives. In addition, the approach and
the requirement of synchronization with the mains fundamental are suited for low-order
harmonics, up to some kHz. With the increasing switching frequency of power convert-
ers, observing spread in the tens or hundreds of kHz, the approach of the IEC 61000-4-30
for the supraharmonic range should be considered as more suitable.

In DC grids the harmonic content is subject to limits seldom expressed for individ-
ual harmonics and more generally indicated as total harmonic distortion, or simply dis-
tortion, extending the concept of variations harmonically related to a fundamental to all
kind of variations in a given frequency interval.

The EN 50155 [117] and IEC 61000-4-17 [67] consider explicitly AC rectification as
the source of supply harmonics with order 2 and 6, although then limits are given in
terms of overall percent distortion (see sec. 3.4.3).

The MIL-STD-704F [108] speaks of distortion D as the rms value of the AC compo-
nents of the signal and then divides it by to the DC steady voltage Vi, obtaining the
distortion factor DF = D/Vi. The attention is drawn on two points: the extension of the
frequency interval and the definition of Vic.

The MIL-STD-704F provides also a limit for individual spectrum components as a
continuous line, so without assuming any harmonic behavior, and this limit is extended
from 10 Hz to 500 kHz (see later Figure 8 in sec. 3.4.2); the same should be assumed then
for the calculation of the overall distortion D. The limit is identified as “network distor-
tion amplitude” and is thus not the individual limit of a connected load or source, so it’s
an “environmental” or ambient level characterizing the network.

The steady voltage Vic is conventionally taken as the average over a time interval
usually in the order of 1 s; other time intervals may be used, or the steady value replaced
by the nominal value.

From an operative viewpoint harmonic measurements constraints are well de-
scribed in the IEC 61000-4-7 as for uncertainty, inter-harmonic grouping, and amount of
fundamental cycles for frequency resolution and statistics (all, of course, tailored for an
AC system). The same could be transferred to DC system harmonic measurements with
due caution: the issues of fundamental synchronization and harmonic/interharmonic mix
are partially transferable to a DC system that sees a traditional AC/DC interface con-
verter. All PQ standards for DC systems discussed so far, however, do not go into such
details: The MIL-STD-704 standard does not specify how the distortion spectrum should
be assessed (frequency or time domain measurement). It clarifies that all components,
harmonic and interharmonic, and also those resulting from amplitude or frequency
modulation are included. The minimum frequency for which the limits are specified is 10
Hz, that represents thus the largest frequency resolution. It is known however that for
broadband or transient components a lower frequency resolution (that is not prohibited)
will lower the spectrum profile, so that a 100 ms time window (leading to 10 Hz fre-
quency resolution) is advisable.

3.4.2. Supraharmonics

The widespread use of power converters with higher dynamics and switching fre-
quencies in connection to highly non-linear loads, such as Light Emitting Diodes (LEDs),
has brought the attention towards conducted disturbance occurring at a frequency higher
than traditional harmonics, still with significant amplitude, able to excite network reso-
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nances and with a significant network penetration. These emissions are conventionally

located in the 2-150 kHz frequency interval, below the commonly recognized radiofre-

quency conducted phenomena: the name “supraharmonics” was chosen (with obvious
meaning) and they originate from a variety of sources, phenomena and mutual interac-
tions [128]. The following classification may be proposed:

e  primary emissions, whose sources are recognized in the switching components of
various kinds of converters, interfacing and regulating sources and loads; primary
emissions are caused by the identified sources in relation to the network impedance,
often substituted by the LISN during laboratory tests;

e secondary emissions are caused instead by the loading of nearby sources and loads,
including in particular EMI filters, modifying as a matter of fact the overall network
impedance seen at the measurement terminals; this phenomenon has been recently
considered as a significant source of variability and deviation of measurement re-
sults from those referred to the network alone [19,128];

e a quite general third type of emission can be identified in the interaction of
low-frequency network distortion with mechanisms of emission for non-linear
loads, for which the behaviour in real use conditions would be different from ideal
lab testing in controlled supply condition.

For AC networks a basic standard for immunity to supraharmonics was prepared
years ago (IEC 61000-4-19 [129]), but it has not yet been implemented; no specific stand-
ard was devised within IEC/CENELEC to describe such phenomena in DC networks,
although the extension of the EN 61000-4-19 to DC grids could be straightforward. The
IEC 61000-2-2 and IEC 61000-2-5, sec. 5, cover supraharmonics among low frequency
conducted phenomena, but focusing on AC networks.

Although it may be agreed that phenomena at high frequency may be similar be-
tween DC and AC networks, because disturbance sources have similar emission mecha-
nisms, different are the network response and propagation: in general DC networks have
smaller extension, but larger deployed capacitance, reducing the factor of merit at reso-
nance, with less voltage distortion, but amplifying current components. An exception are
DC electrified transports, where the overhead conductors have a higher inductance than
any cable line and resonances have a significant amplitude excursion [15].

Limits for harmonics and supraharmonics in DC grids, when expressed in terms of
amplitude vs. frequency, may be in reality given as network voltage limits (compatibility
levels or ambient characterization, as shown in Figure 8 for avionics) or as equipment
voltage limits (real emission limits, as shown in Figure 9 for telecommunications and
data centers). In the latter case, equipment limits must be accompanied by a specification
of the test setup, especially in terms of feeding supply impedance, and for the shown
example it is equal to 200 mQ and 10 puH in series (in the same way of a LISN for RF
conducted emissions measurement). For clarity, the level Y expressed in dBm across 50 Q
can be translated into an equivalent X value in dBV by subtracting 13 dB: X [dBV] =Y
[dBm] - 13 dB.
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Figure 8. Profile of harmonic and supraharmonic network limits for avionics, as per MIL-STD-704
[108], DC bus 28Vdc (for the 270Vdc bus limits are 10 dB higher).

dBm (1 mWin50€)

Figure 9. Profile of harmonic and supraharmonic limits of emission for equipment in telecommu-
nications and data centers, 48 Vdc, as per EN 300 132-2 [112]. Measurement is carried out with 10
Hz resolution bandwidth up to 10 kHz and 200 or 300 Hz between 10 and 20 kHz.

In conjunction with the emission limits for harmonics and supraharmonics (in par-
ticular) discussed so far, in some cases levels for immunity testing are specified: the EN
300 132-2 [112] specifies a full profile vs. frequency (see Figure 10), whereas other stand-
ards address it by means of a simple ripple or distortion specification (without specifying
a frequency location for it), as discussed in sec. 3.4.3.

Comparing the two profiles of emission limits (Figure 9) and immunity levels
(Figure 10) for 48 Vdc distribution, compatibility margins were taken of 8 dB at low fre-
quency and 5/10 dB above 1 kHz. This is particularly important if two factors are con-
sidered:

e Combined disturbance of N equipment of the same type connected to the same dis-
tribution area would increase by VN assuming a random distribution of the phase
for emissions occurring at the same frequency; already at N=4 the margin is
reached and compatibility would not be ensured.
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e Different equipment are likely to position their emissions at different frequencies, so
not summing for the determination of the overall spectrum of emissions, but all
concurring for the determination of the overall distortion D. In this case the margin
with respect to D values discussed in sec. 3.4.3 is much wider, as by summing all
components of Figure 9 we would get a contribution of about 0.2 Vrms.

e  Network resonances amplify network distortion and as discussed for the inrush case
above, resonance occurred in the kHz range for cables in the order of 50 m of length,
including the effect of the significant amount of deployed capacitance. The factor of
merit taking into consideration resistance and inductance of cables in [124] would be
in the order of 1.5-1.7. The shallow profile between 500 Hz and 3 kHz in Figure 9,
compared to the profile in Figure 10, seems to indicate that a margin of 5 dB was
taken, possibly right for resonance phenomena.

By comparing Figure 8 and Figure 9 it appears that the MIL-STD-704 allows for
some voltage increase due to resonances right in the kHz range. In general, considering
similar emissions in the two cases, the indicated amplitude of the aircraft distortion
components indicates a cautious approach, although no indication is given in the
MIL-STD-704 how emissions from a single item of equipment are regulated.

dBm (1 mWin50 Q)

-10

-13)

-20

N

-30

Figure 10. Profile of harmonic and supraharmonic levels of immunity for telecommunications and
data centers, 48 Vdc (EN 300 132-2 [112]).

Measurement details for the supraharmonic range may be found in the IEC
61000-4-30 that specifies first a 200 Hz resolution and then an optional aggregation to 2
kHz width, exemplifying a 1024 kHz sampling rate (not a mandatory minimum, but a
good indication of an acceptable setting), as discussed then in sec. 4.1. As for harmonic
measurements, the DC system PQ standards do not clarify the measurement approach
and the minimum requirements, so that the IEC 61000-4-30 represents the state of the art
of normative dignity.

3.4.3. Ripple and voltage fluctuations

The concept of ripple is widely applied in DC networks in place of focusing on spe-

cific harmonics and harmonic groups, especially where the “fundamentals” may be sev-

eral. The IEC 61000-4-17 [67] simply characterizes ripple as composed of “power fre-
quency or its multiple 2, 3 or 6”7, focusing on the classic AC/DC conversion principle.
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Ripple is thus a repetitive phenomenon superimposed to the DC steady value.
Modern AC/DC and DC/DC converters and poly-phase machines for renewable energy
sources are used extensively to improve PQ and for ease of interfacing; this leads neces-
sarily to a reformulation of the concept of ripple to a more general definition accounting
for non-harmonically related, possibly non stationary, components. Ripple as defined in
MIL-STD-704F [108] is “the maximum absolute difference between an instantaneous
value and the steady value V" this is an instantaneous definition, with Vimax, Vimin and Ve
taken over a predetermined interval.

Vmax - Vdc Vdc - Vmin } (6)

R, | =max
l { Vdc Vdc
Similarly, the EN 50155 [117] gives a definition of the DC Ripple Factor taken from
the IEC Electrotechnical Vocabulary as “ratio of half the difference between the maxi-
mum and minimum value of a pulsating voltage to the mean value of this voltage.”, so
that a peak-to-peak excursion Ry is considered and then divided by 2, and compared to
the mean value of the network voltage.
R V. —V_.
R — PP _ " max min
SP) 2V, @
The latter is not better defined and leaves the door open to a wide range of inter-
pretations, at least for the time interval to use for the calculation of such mean value. To
add confusion the 2017 version of the EN 50155 [117], Table 7, speaks then of peak-peak
ripple, after having defined peak ripple. Luckily, the formula provided in the latest 2019
draft [130] does not use the mean value concept and refers pragmatically only to min and
max values of the observed voltage excursion, giving another peak ripple definition:

R ,= Vmax - Vmin (8)
P Vmax + Vmin

This definition is for sure simple and requires less implementation effort, but is not
accurate in that two signals with different steady state value and different symmetry
around it will give the same Ry3 value, as shown in the example of Figure 11: Vinx= 20,
Vmin=5, so Rp3=0.6 for both, but the two waveforms are centered around 7.5 and 12.5,
resulting in an asymmetric and symmetric ripple, respectively., that is not captured by
Ry3; Rp1 would result in 12.67 and 0.6. The result of 0.6 when the steady value is centered
between min and max is not surprising, as (8) is self-centering by definition.
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Figure 11. Two sketched voltage profiles for which the Rp3 value is the same, but different steady
state values and evidently different Ry ripple value.

Whenever ripple is considered as caused by few rectifier’s harmonics, the rms dis-
tortion D and peak ripple factor Ry can be made equivalent: Rp= \2D. In general, an in-
stantaneous definition of ripple is clearly preferable for further processing, but must be
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accompanied by the quantification of the selected time interval for its calculation, that is
equivalent to the bandwidth, as shown later in sec. 4.2. For rectification harmonics, as
commonly considered in standards, the bandwidth should capture at least the 27 up to
the 6t harmonic of the AC system upstream [67].

The ripple can describe the quality of the delivered voltage for aperiodic phenomena
(beyond the interpretation limited to harmonics), in terms of fluctuations and excursion,
as well as when applied to the flowing current the presence of significant load steps and
inrush phenomena.

For a complete definition, ripple should be complemented by two other characteris-
tics, the frequency location (e.g. that of the most prominent component) and the rate of
occurrence, or a statistical representation such as crossing rate distribution or cumulative
distribution function. This is particularly important when stress and aging are the objec-
tives of the assessment (see sec. 2.4).

The IEEE Std. 1662 [131], Table 2, reports environmental reference levels that char-
acterize the DC grid as 10% for Rms and 5% for “voltage cyclic variation deviation”, that
is not defined and appears only once in that Table 2 (it is surely in relation with rectifica-
tion harmonics). A similar expression may be found in IACS E5 [109], Table 2, and
Lloyd’s rules [110], Part 6, Chap 2, sec. 1.8.4.

For DC charging of electric vehicles the IEC 61851-23 [132] imposes absolute limits
for the current ripple, when operating in controlled current charging (CCC), and relative
values of voltage ripple when in controlled voltage charging (CVC), shown in Table 6.

Table 6. Limits and reference values for ripple (voltage ripple if not otherwise specified)
(E=emission, Isimmunity, G=generator, A=ambient spec).

Standard  Type Vo;:I. 0;2 .[V] Ref. values
MIL-STD-704F A 28 DF <35 % ; Rya<1.5/28 V
MIL-STD-704F A 270 DF <1.5% ; Rp1<6/270 V
EN 61000-4-17 G <360V Viipgen =Rpp=2,5,10, 15 %

IACS I <1kV Rrms <10 % @

EN 50155 I 24-110 Rp2, Rp3<5 %

IEEE Std. 1662 I LV &MV @ Rms <10 % @
IEC61851-23 AE LV Rp1<5V
LloydReg. I  LV&MV Roms <10 % O

Notes: M accompanied by specification of “voltage cyclic variation” of 5%;
@ for MV reference to IEEE Std. 1709, that covers 1 to 35 kV DC;
® ripple specified for the charger-vehicle interface during pre-charge and charging.

Ripple has an important consequence also for electrical safety, due to the different
tolerability of human body to DC and AC components of touch voltage in DC systems
[133]; AC components are weighted by their frequency [134] and combined to the DC
component, whenever the ripple is larger than 10 %. This was discussed for DC railways
and transit systems in [135], analyzing the touch voltage scenarios of passengers at plat-
form and onboard. It is not known that ripple was included for touch voltage scenarios in
other types of DC grids.

3.5. Common-mode disturbance

Although PQ in general focuses traditionally on differential signals that qualify the
delivered power to the connected loads (voltage fluctuation, harmonics, inrush current,
and so on), recent advances in the supraharmonic interval consider both differential and
common-mode phenomena, as relevant and interrelated.
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In AC grids capacitance to ground (as for Cy capacitors inside EMI filters [19]) is
subject to constraints to limit the leakage current (zero sequence current) not to trigger
RCDs (see sec. 2.1). Conversely for DC grids there is presently no explicit limitation, alt-
hough residual current devices for DC networks are being extensively used. For ships, on
the contrary, the MIL STD 461 [69] determines the maximum capacitance as a function of
the total installed power, indicating a limit of 75 nF/kW, limiting both excessive injection
of disturbance on the ground reference and at the same time reducing the electromag-
netic signature of the ship.

Parasitic capacitance may be significant for sources with large extension, such as fuel
cells and most of all PV panels. Usual capacitance for PV panels ranges between 12 and
18 nF/m?, that translated into capacitance per installed kW may range between 50 and
150 nF/kW [136]; additional minor effects may be expected by the presence of water,
depending on the extent of coverage of the panel and the degree of sealing of the struc-
ture [137].

From the standpoint of equipment immunity, coupling of common-mode disturb-
ance onto cables is addressed by IEC 61000-4-16 [68], that well covers the supraharmonic
range up to 150 kHz. Similar tests are indicated in the MIL STD 461 for immunity to
structure current (60 Hz — 100 kHz) and bulk cable injection (10 kHz — 200 MHz).

The EN 60755-2 [139] and IEC 63053 [140] document a list of requisites for the correct
operation of Residual Current Devices, and in particular immunity to high-frequency
ripple: testing for common-mode disturbances up to 150 kHz as per IEC 61000-4-16 (test
level 3) is included as representative of the environment of application.

4. PQ indexes for quantification of phenomena

A set of mathematical manipulations of signals is presented, resulting in PQ indexes
suitable to support a quantitative comparison with limits and reference values discussed
so far. As PQ indexes for larger applicability may cover more than one physical phe-
nomenon, this section is organized slightly differently from sec. 3.

4.1. Spectrum components, harmonic/supraharmonic analysis and aggregation

Going beyond the low-order harmonics characterizing rectified AC mains using
natural commutation techniques, modern switching power converters have emissions of
non-harmonic type and extended to higher frequency. The observed frequency interval
has thus been consensually extended to 150 kHz, to include the so-called supraharmonics
that are the natural continuation of the traditional harmonic interval (that goes up to 2 to
3.6 kHz, depending on the mains frequency, 50 or 60 Hz, and the number of harmonics,
40 or 50). As already observed, having shifted the attention to include higher frequency
components, also common-mode disturbances have become relevant and they distin-
guish from differential-mode emissions for their impulsive (or derivative) nature flowing
through parasitic coupling paths.

Figure 12 illustrates three cases showing (a) voltage transients, (b) periodic oscilla-
tions with superposed higher frequency ringing, and (c) deterministic and random
modulations for three different applications of a DC/DC converter. Figure 12(a) demon-
strates the voltage transients at a fuel cell terminals for an almost 100% load step; with an
optimized control [141], the transient amplitude and duration amounts to 2.5-5% and less
than 10 ms, so polluting up to some tens of Hz. Figure 12(b) reports thee behavior of the
output of a full-bridge resonant LLC converter suitable for server supply in a data center.
The output voltage waveform shows two superposed phenomena: the resonance oscilla-
tion in curve pieces of less than 5 ps, giving rise to spectrum components at about 135-140
kHz and its double; the high-frequency ringing instead is located at about 5-6 MHz.
Figure 12(c) considers the conducted emissions of a DC/DC buck converter using random
modulation: the comparison of the two measured spectra (red with deterministic modu-
lation, black with random modulation) allows to appreciate the limited benefits of ran-
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dom modulation. The first peaks at 300 ad 600 kHz are reduced by more than 10 dB (an
order of magnitude), but the emission floor is increased by 15-20 dB, having spread the
power content of the peaks over the adjacent frequencies; depending on thee type of vic-
tim device, and its broadband or narrowband operation, with more or less exposed to
peak or average disturbance, the benefits may be less from what appears at a first sight.
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Figure 12. Exemplified harmonic/supraharmonic conducted disturbance: (a) resonant converter to interface a fuel cell with an elec-
tric vehicle [141]: Vec (light blue), Irc (blue), AC coupled Vic (red) where voltage transients are visible; (b) resonant DC/DC 400/12 V
converter for data center [142]: AC coupled Vou; (c) random modulation DC/DC converter for Li-Ion batteries [143]: deterministic
modulation (red), random modulation (black).

Time-domain signals are thus characterized by low and high frequency sinusoidal
components mixed to bursts of oscillations and ringing at the switching instants. The
accuracy of a Short-Time Fourier Transform (STFT) approach was investigated in [144]
for what regards Switched Mode Power Supplies fed by an AC network: the STFT pa-
rameters, including overlap and used tapering window, have influence on amplitude
accuracy and some precautions should be taken for correct and reliable tracking of spec-
trum components. For non-stationary spectrum components featuring broadband nature
and/or significant variation of the instantaneous frequency, alternative analysis methods
can be used, based on Multiresolution Signal Decomposition (MSD) algorithms, such as
Wavelet Packet Decomposition and Variational or Empirical Mode Decomposition
[145,146].

Emissions behavior is dependent on many factors, and in particular the loading and
operating conditions of the equipment: as the equipment under test will cycle through
the various loading conditions during its operation, it is important to characterize the
results over relevant time intervals, that looking at the IEC 61000-4-30 [119] may corre-
spond to “instantaneous”, 3 seconds and 10 minutes. Then monitoring of such values
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should be carried out for days or weeks, or longer. The results for the longer interval are
built on those of the immediately preceding interval, using a time aggregation approach:

[ &
e  the IEC 61000-4-30 indicates a rms approach, so that X;ymi, = %ZX Jwc » Where
1

N =10min /3 sec =200;

e the statistical distribution of index results may be more informative, provided that a
compact representation is provided, such as mean and dispersion, median, percen-
tile, or similar (as applied to ripple in sec. 4.2.3);

The time aggregation is sided by frequency aggregation:

e  The IEC 61000-4-7 for AC systems requires grouping of inter-harmonic components,
in principle not applicable to DC systems and also does not transfer well to higher
frequency intervals above 9 kHz.

e  The IEC 61000-4-30 hints the use of CISPR 16-1-2 frequency scan method, that has a
major drawback: the resolution bandwidth (RBW) is 200 Hz for frequencies up to
150 kHz and this is inadequate to capture highly localized emissions caused by
switching by-products, as shown in [145]; a larger RBW should be used, losing
however the major strength pointed out in the IEC 61000-4-30, that is the direct
comparison with limits or reference levels of IEC/CENELEC standards.

e A band limited method using 2 kHz spacing is also proposed by the IEC 61000-4-30,
using a time-domain acquisition followed by Fourier analysis, but alternative
methods may be implemented, such as a bank of filters or Multiresolution Signal
Decomposition (MSD) algorithms (e.g. Wavelet Packet Decomposition and Varia-
tional or Empirical Mode Decomposition [145-147]). The 2 kHz resolution matches
the observations in [145], where 0.5-1 ms time localization was identified as optimal
for the accurate estimate of non-stationary components related to switching pulses.
A broader frequency resolution is also in line with the broadband characteristics of
the mechanisms of interference and the minimum channel width of PLC systems.

4.2. Ripple

Basically speaking, ripple may be made correspond to the peak-to-peak or peak
excursion of the network voltage, but other measures of it (rms, percentiles, etc.) have
been proposed in the past [106,107,148-150]. Ripple was defined in sec. 3.4.3 on a nor-
mative ground, either based on peak and steady values or on minimum Vmin and maxi-
mum Vmax of the network voltage, without clarifying which time interval is considered, or
in other words the shortest and longest distance in time between the samples corre-
sponding to Vmin and Vmax. This was formalized in [106] writing down a time-domain
definition, gyy.1:

Dppr = me{Jqpp[n] |} 4ppln)= max ]{Iq[n] —gln+K]|} ©9)
with ki and k2 indicating the extremes of an interval that is defined as the minimum time
difference Twin and the observation window length T, namely ki=Tuwin/ts, kz=T/ts.

Any direct calculation of ripple in time domain, as difference of samples at a given
time offset, has the drawback of the computational burden for the repetitive sweep of the
time axis. Complexity may be reduced, however, by reusing previously processed sam-
ples: since what is needed is the retention of min and max over interval Tk, a recursive
formula may be used that compares new samples with the previously stored xmint1 and
Xmaxk1, reducing the operations to 2M comparisons, for the M new samples.

Ripple is a quantity that addresses two objectives at the same time: on the one hand
it quantifies the spread of instantaneous values and the maximum excursion of fluctua-
tions, and on the other hand it is equivalent to Total Harmonic Distortion (THD), as an-
ticipated in [106,148]. The ripple there was quantified starting from its very definition in
the time domain (9), and equivalently in the frequency domain, by means of DFT de-
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composition. The explicit connection between ripple and DFT spectrum (including har-
monics as such and other spectrum components) was given in [148] with the index Drrsp
and in [107] with RDF. When applied to the current it quantifies more directly phenom-
ena such as load steps and inrush.

The introduced ripple R is a global index that weights identically all deviations of
the instantaneous value from the steady state voltage Vi without considering two other
signal characteristics, the spectrum occupation (or, alternatively, the time-domain dy-
namics) and the rate of occurrence, that are discussed in the following.

In [106] distinction was made for the excursion of a ripple index defined on the ab-
solute value only of spectrum components (worst-case spread of values) and including
phase information (better representing the relationship between components and the real
signal excursion) using the symbols gsa and gsar, respectively.

4pFT.7,54 = ZlQ[k]| 4pFT,T,54P = ZQ[k] (10)

keK,,. keK,,.

having pragmatically defined a set of index values complying with a significance crite-
rion based on amplitude threshold (Kur), to avoid the inclusion of noise in the determi-
nation of the g quantities on the left side. The results shown in [106] indicate that using
absolute values only leads to an overestimation of ripple and that including phase of DFT
components give results in line with the time-domain calculation.

4.2.1. Band-limited ripple index

Although the ripple is in principle a time-domain quantity, a frequency-domain
approach to its quantification allows the distinction of components contributing to it,
based on their instantaneous frequency, and has a more effective and less complex im-
plementation. The equivalence between ripple and distortion was demonstrated in [106].
The ripple alone can characterize both signal excursion and signal distortion if it is cal-
culated for a defined frequency interval, or in other words if a band-limited ripple index
Ru is used (the notation used in [106] was ¢, 1)

The limitation to a selected frequency band is straightforward if the DFT formula-
tion (10) is considered, by selecting in the summation only the frequency index values of
interest (that is equivalent to define a set Kuwma for frequency selection, equivalent to the
K set for the selection of significant components).

A time-domain implementation instead used a bandpass filter, conveniently im-
plemented with a digital architecture:

Ry = mfx{z x[kJh[n - k]} (11)

k

having indicated with & the impulse response of the selected filter. Preference is for Infi-
nite Impulse Response (IIR) architectures, which are more compact than Finite Impulse
Response (FIR) ones and with better performance, as for the filter order for a given
roll-off slope at the band boundaries, especially for the low-frequency corner.

Such filter implementation of the band-limited ripple index has the advantage of
preserving amplitude and phase of signal components, as commented above for DFT.
Phase linearity in the pass band is thus a significant constraint.

The so-defined Ru can be immediately implemented as a filters bank for a set of
frequency bands, selecting the intervals to match the outcome of the discussion of phys-
ical phenomena (see Section 2 and in particular Figure 3) and normative requirements
(Section 3). Different weights may be then assigned to the various frequency intervals, as
anticipated by eq. (5). The accurate distinction of components in terms of amplitude and
frequency is unnecessary, as long as the examined phenomena of interference and impact
on devices are not frequency-selective and use generic indications of low-order harmon-
ics, high-order-harmonics and supraharmonics.
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The test of susceptibility to ripple [67] is limited to the effects of very old and basic
conversion methods, with a few characteristic harmonics up to the 6th of AC mains up-
stream. It is reasonable instead to focus on conveniently defined frequency intervals,
where steady and transient components may be located. The bandpass filter used in [150]
was set to a first cutoff frequency of 1 Hz, to the aim of rejecting long-term voltage fluc-
tuations, but including major transients.

4.2.2. Statistics and time-series analysis

The overall picture offered by the ripple index, including the distinction between
slow and fast fluctuations allowed by the time-scaled or band-limited versions of it, may
be complemented by some statistics, as introduced in [149], and discussed in [150] for
application to DC railways. The formulation of statistics is part of the characterization of
the network and can give a comprehensive picture of the rate of occurrence of phenom-
ena: on a longer time interval it can spot out cyclic behavior, such as daily or weekly
variations, or it can identify outliers and peculiar distributions, as due to some specific
substation arrangement or minor failure, or caused by environmental conditions (e.g.
ice), as preliminarily analyzed in the MyRailS project [151].

The distance and ratio of two percentiles are calculated for a given threshold y% and
its complement to 100 (namely 100-y%). The variation of the y-th percentile is given by
the difference of two percentiles at level y% weighted by the median:

+ _
X0, — X0,
_ % %
X, =222 (12)

Xmedian

where, x*% is the y-th percentile of samples of vector x with value exceeding the median
of the vector itself, and x7% is the complementary percentile, that corresponds to the
(100 — y-th) percentile. This difference measures the amount of samples lying in the cen-
tral part of the signal, within the boundary set by the y% value.

The y-th percentile displacement factor &% is then defined as the ratio of the two
complementary y-th percentiles just considered:

.
X %
Eyop = 2 (13)

xy%

Examples of sources for which significant fluctuations and cyclic behavior are
known are wind turbines and photovoltaic plants, that follow local meteorological data
and night-day cycle; cyclic loads also may be related to working hours and days, pro-
duction cycles, etc. The primary quantity subject to cyclic variations is the generation or
load percentage, or in other words the power flow, studied using various techniques,
such as time series analysis and load signature studies [152]. Signature analysis is mainly
applied to AC systems, using as features quantities that are discussed here as character-
istic of DC grids, such as instantaneous power, instantaneous impedance or admittance,
harmonic patterns, besides more complex methods based e.g. on singular value decom-
position and eigenvalues [152].

In analogy to the EN 50160 [153] and IEC 61000-2-2 [154] for public networks and the
IEC 61000-2-4 [155] for industrial distribution, basically percentile, mean, and dispersion
may be used to adequately report the statistical behavior of disturbance. In addition,
higher order moments and amplitude probability distribution or crossing rate distribu-
tion could be used for a more complete characterization.

4.3. Transients and Pulsed Loads: Area, Energy, Duration and Power Trajectory

Transients may be caused by load and source switch on and off, including pulsed
power loads [156,157], and by other faster electrical phenomena [158]. Major fast transi-
ents are mainly a problem of withstanding capability of equipment and components
[158]. Those of smaller amplitude originating e.g. from switching of power converters
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and circuit breaker or contactor operation are mainly an EMC problem, and represented
by some fast transient immunity tests, although modern converters are a cause of slower
and repetitive pulse trains, occurring in the supraharmonic range and slightly above, that
cannot be fully evaluated by ordinary PQ metrics.

The focus here is mainly on slower transients with relevance in terms of area and
energy, with such amplitude that is compatible with grid operating range, not to be
blocked by overvoltage suppressors. Such transients mainly originate from various kinds
of short circuits and inrush waveforms, besides pulsed power loads (PPLs).

For all electrical phenomena in general voltage and current may be considered sep-
arately, in a signal analysis perspective. Line transients may be readily evaluated by their
peak amplitude A, equivalent time duration T and half-amplitude time duration Tso, as
it is commonplace for surges and lightning induced phenomena [158]. The combination
of the two elements leads to two straightforward measures of the intensity: the area S and
the energy E, both calculated over a convenient interval [#1, t2] by taking the ac portion
X(¢) of the network quantity x(f) (voltage or current), having subtracted the steady value

X.

E
L=t

ty - t - 2
S:j (1) dt E:J‘ HOR: p= (14)
gl h
For energy the mean square time duration may be defined, that measures the in-
terval where the energy is concentrated:

= J'tz 2R dr / J'tz HOR (15)

Analogously the equivalent time duration can be defined Te, as duration of the rec-
tangular signal of amplitude A (the peak value of the original signal) and same area:

S
T, = y (16)

Area (or impulse strength) and energy are two measures of the impact of loads.

For pulsed power loads (an intermittent transient load) an approach was chosen that
focuses on combined voltage and current in terms of power [156]: a power profile versus
time Pr(t) is defined, for which an incremental additional energy AEr is calculated as its
integral over a given time interval T».

(17)

The disturbance is in terms of absorbed power, to be provided by local stored energy
and consequential reduction of network voltage. The disturbance metric weights against
the time rate of change of the power profile (that in [156] is named “power trajectory”).

Developing the time derivative of Pr(t) by exploiting the Fourier series of the ab-
sorbed power, an equivalent expression in the frequency domain was obtained in [157],
as follows:

(18)

The resulting expression for the power rate metric dj is a harmonic active power

term multiplied by the pulsation that takes the role of a weighting function. Considering
the typical behavior and response of DC grid elements, weighting linearly with fre-
quency does not reflect what results from the discussion of Section 2: in some cases low
frequency is more relevant than high frequency, and often the proportionality is with the
square root of frequency (due to skin effect).
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If the power trajectory Pp(t) is analyzed for its spectral properties, Individual and
Total Harmonic Distortion may be calculated in analogy to what has been recently done
for AC grids onboard US Navy electric ships [159], Appendix A, where Power Distortion
(PD) is calculated over the frequency interval 1 Hz — 2 kHz for the harmonic active power
components P with respect to the total active power Pw named “real power”:

PD= | (B, /P,) (19)

n

The behavior of a 33 kW pulsed power load is shown in Figure 13. The first voltage
pulse has visibly less high-frequency oscillations than the following ones and a slightly
larger peak value (about 3 V larger, less than 1%). Instead, regarding energy the follow-
ing pulses have a large contribute by 8% and the mean duration is shorter by about 10%,
so that the energy is more concentrated. The physical explanation may be a deeper
charging of internal storage, that is then less depleted during the successive pulses (in-
deed the current peak in the first pulse is almost 4% higher).
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Figure 13. PPL profile with periodic pulsation and superposed ripple: voltage (black) and current
(grey) use the left axis, power (red) uses the right axis. Calculation of metrics for three consecutive
periods: top black are for the voltage profile V(t) (S, E and t with the prime indicating subtraction of
the steady state value Vi), middle brown for the power trajectory Pr(t) (metric dr calculated using
“difference” of adjacent samples, dr4, and “gradient”, dr,, a central difference where samples are
separated by an empty place; metrics S and E applied to Pr(t) as a network quantity, having sub-
tracted the steady value for each period).

5. Conclusions

This work has reviewed the problem of defining meaningful Power Quality metrics
for DC grids, encompassing a wide range of applications in light of the technological
progress of power conversion and energy storage: capacitors, supercaps and batteries,
fuel cells and PV panels, often interfaced with various types of DC/DC converters.

Two main standpoints have been considered: i) the physical justification for a metric
linked to stress, ageing or interference factors for components and equipment of such
applications (Section 2); ii) the normative framework of existing standards applicable to
DC grids, and some other applicable to AC networks used as reference (Section 3).
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The work has analyzed in detail the documented effects of distortion, transients,
variations of network quantities for a range of potentially affected devices: protection
and monitoring equipment, power line carrier (PLC) systems, energy storage devices,
distributed generation sources, cables. DC grid instability has been included considering
its causes and the frequency range of triggering events. From this an overall picture was
derived that quantifies relevant phenomena and ranges in terms of amplitude and fre-
quency.

A total of 45 standards related to DC grids and microgrids applications were col-
lected and discussed, contributing information on tolerable distortion, commonly ac-
cepted fluctuations and variations of network voltage, the most relevant transients (load
steps and inrush), and supraharmonic phenomena. For the latter the definition of suitable
limits of emissions is a necessity, considering the likely interference to PLC systems and
the propagation occurring both in differential and common mode, closing the gap with
the EMC discipline.

The results of Section 4 consist in the overview of existing metrics proposed specif-
ically for DC grids, their suitability for the objectives set forth in Section 2 using the ref-
erence of the existing standardization framework of Section 3: the vast domain of har-
monics and supraharmonics evaluation, including processing and measurement typical
of EMC, the ripple formulated both in time and frequency domain (suitable for its direct
connection with the assessment of stress and ageing of components), measures of tran-
sients including pulsed power loads by mans of area, energy, power trajectory and
power distortion.

Future work will be directed to cross-verify and demonstrate the proposed PQ met-
rics using a complete set of DC grid applications and related waveforms: for example
microgrids and distributed generation, aircraft and naval distribution, railways and
metros, electric vehicle charging infrastructure.
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