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Abstract: Grid-connected photovoltaic (PV) systems inject nonsinusoidal currents into
the grid at the point of their connection. The technology of the inverter utilized for the
conversion of DC power into AC is directly associated with distortion characteristics. Even
though pulse-width-modulated (PWM) converters generate considerably lower harmonic
distortion than their predecessors, they are responsible for the emergence of a new power
quality issue in distribution grids known as supraharmonics, which can cause problems
such as overheating and malfunctions of equipment. PV systems are known sources of
supraharmonics, but their impact has not yet been thoroughly researched. Due to the
multitude of parameters affecting their performance, a more rigorous treatment is required
compared to more common nonlinear devices. In this paper, emissions from a three-phase
grid-connected PV system are examined by means of a dedicated simulation tool taking into
account the specifics of inverter switching action without overly increasing computational
cost. The impact of environmental parameters as well as factors affecting the switch
control of the converter is investigated. The dependence of the supraharmonic emission
of the PV system on the converter characteristics rather than environmental conditions is
demonstrated. Furthermore, simulation studies on a network comprising the PV system
and an additional supraharmonic-emitting system in simultaneous operation are conducted.
Their combined effect on the distortion at the connection point of the network to the grid is
assessed by means of a power flow-based approach, capable of quantifying interactions
within this network. From the viewpoint of the grid, an increase of supraharmonic-related
disturbance at low irradiance conditions is revealed.

Keywords: PV systems; PV system simulation; supraharmonics; distributed generation

1. Introduction

Fossil fuel depletion and climate change awareness have created a strong demand for
energy self-sufficiency based on renewable energy installations. The traditional centralized
model of electric energy production by means of large synchronous generators is gradually
becoming obsolete and distributed generation solutions are gaining ground. Smaller units,
such as grid-connected photovoltaic (PV) systems installed on rooftops, are becoming
increasingly common.

A vital component of renewable energy systems connected to the utility grid is the
power conditioning unit, which is responsible for the conversion of DC power into AC con-
forming to specific standards. Power electronic converters are at the heart of this process [1].
A grid-connected power electronic converter, just like any other device with nonlinear
characteristics, injects harmonic currents into the grid at the point of its connection. These
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currents cause a nonsinusoidal voltage drop along the grid impedance, subsequently
distorting the supply voltage for all devices connected to the same distribution line.

Power electronic converters are, of course, not unique to renewable energy systems.
The demand for energy-efficient equipment has led to the inclusion of power electronic
converters of various topologies in multiple modern mass-market devices, resulting in
a notable increase of harmonic levels in electric grids. The association of voltage supply
harmonics with various equipment malfunctions affecting both the utility and its customers
led to the formulation of appropriate standards and regulations. Limitations were initially
put in place for harmonics up to the 40th or 50th order (2 or 2.5 kHz for a 50 Hz network),
depending on the standard that is referenced. This limit was considered adequate, since
converters based on thyristors and diodes that were prevalent at the time generated sig-
nificant levels of harmonics well below that order. Moreover, noteworthy cases of higher
order harmonic pollution were rare and usually associated with resonances. Equipment
manufacturers were subsequently motivated to adapt their equipment so as to comply
with standard requirements. Indeed, the introduction of self-commutated switches and
high-frequency switching schemes in power electronic converters has significantly reduced
low-order harmonics. However, at frequencies over 2 kHz additional distortion has been
introduced associated with the switching frequency. In other words, compliance with
existing standards has been achieved by shifting emission from lower to higher frequencies.
In fact, due to the widespread implementation of high-frequency switching techniques,
end-users and utilities are nowadays dealing with a notable increase in harmonic com-
ponents in the frequency range 2-150 kHz. These components are commonly referred to
as supraharmonics [2-5].

Apart from renewable energy installations, supraharmonic emissions have been associ-
ated with electric vehicle (EV) chargers, heat pumps, power supplies of common household
electronic appliances, light emitting diode (LED) lamps, etc. Supraharmonics are therefore
associated with devices at various power levels that are either already commonplace or
expected to proliferate in the near future. Furthermore, resonances can also contribute to
the amplification of current components in the supraharmonic range [6]. Capacitors such
as those intended for reactive power compensation can interact with the grid inductance,
generating unexpectedly high distortion.

Even though high-frequency switching is a long-established technology, interest in the
field of supraharmonics is relatively recent and the research that has been conducted so far
is not as extensive compared to other power quality issues [7]. Supraharmonic components
tend to have lower amplitudes than low-order harmonics. Highly sensitive measurement
sensors with wide bandwidth and recorders with high resolution and dynamic range are
required in order for these emissions to be accurately evaluated. Thorough investigations
of possible measurement and analysis methods for the supraharmonic frequency range
can be found in [8,9]. More importantly, without any evidence of serious issues that could
be specifically attributed to supraharmonics, there used to be no incentive for research
in this field. However, this is no longer the case. New research has revealed that the
presence of supraharmonic sources along a distribution line is responsible for unpredictable
behavior and malfunctions of equipment connected to the same line. Various instances of
disturbances have been documented [6,10-12], including mechanical oscillations, audible
noise in equipment, and overheating of transformers and machines. At the supraharmonic
frequency range, devices comprising shunt capacitors usually have lower impedance than
the grid, thus providing a better path for supraharmonic currents. Losses in capacitors
consequently increase, resulting in accelerated aging. The supraharmonic emission of
commonly used equipment with low power ratings like LED and CFL lighting devices was
examined in [13,14]. The utilization of large parts of the supraharmonic frequency band for
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power line communications (PLC) is another important issue [15]. Considering that a smart
grid is supposed to improve efficiency while ensuring reliability, disruptions of two-way
communication and inaccurate smart meter readings can be detrimental to its operation.

Supraharmonic emissions from PV systems including field measurements are exam-
ined in [16-20]. Three-phase grid connected PV systems with unity power factor inverters
are commonplace, with an increasing presence in residential areas. Small-scale systems in-
stalled on rooftops may not be considered as major supraharmonic polluters when viewed
individually, but their cumulative effect can be significant. Furthermore, even though
supraharmonics rarely propagate far from their source, a disruption of the operation of
local loads is possible and should be addressed [21]. Bearing in mind that the distortion
originating from renewable energy sources is not consistent, the collection of as much
information as possible on such installations is imperative. This information can shed more
light into supraharmonic emission characteristics and influencing factors such as solar irra-
diance [22-24]. To this end, field measurements are indispensable, but simulation studies
can also play an important role due to their inherent flexibility. This permits variations of a
wide range of system parameters that may not be easily modified in actual systems [24,25].
Possible variations concern not only individual component characteristics but also the
configuration of the system in its entirety. Simulations can thus provide useful guidance
in the search for possible sources of disruption in existing installations and the selection
of appropriate mitigating techniques. More importantly, they can facilitate predictions
regarding the impact of new equipment during the design stages, before actual installation.

According to [26], one of the major challenges in modeling PV inverters for high-
frequency studies is the selection between a time domain and a frequency domain approach.
In the former, a PV inverter is modeled in accordance with its specific internal circuit con-
figuration (a white box approach). In the latter, less detail is required, as the model is based
on already acquired measurements (a black box approach). A white box approach results
in a more accurate prediction of the PV inverter behavior. However, there are practical limi-
tations to its application, such as the lack of available information on the internal circuitry
of commercial inverters. Even if detailed modeling is possible, the simulation of the system
operation can turn out to be a time-consuming process. More importantly, the proposed
model is usually associated with a specific type of PV inverter. This may be useful in the
design stages of a particular device, but, from the power system perspective, an approach
applicable to a wider range of devices is more practical. Therefore, many publications
analyze phenomena in the frequency domain by means of simplified equivalent circuits
corresponding to specific frequencies included in the supraharmonic emission [21,27,28].
Systems are modeled as current sources, based on existing measurements, in conjunction
with capacitors representing input filters. The total impact of the system is derived from
superposition. The proposed models can offer valuable insight into the propagation of
supraharmonic currents and the interaction between devices, i.e., secondary emission.
However, they are not suitable for studying the impact of characteristic parameters of a PV
system. By using a time domain approach, basic working principles can be incorporated in
the modelling process, allowing for a better representation of the behavior of the system
under study.

In this paper, parameters formulating the supraharmonic behavior of a three-phase
PV system are investigated by means of a dedicated simulation tool presented in [29]. The
proposed approach permits the study of phenomena caused by the switching action of
the inverter with low computational cost. For the power conditioning unit, the widely
used topology of a two-stage inverter is considered. The same methodology was utilized
in [24] in the study of a system with a simpler configuration, which demonstrated the
impact of irradiance, filter and line parameters on the supraharmonic currents injected
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into the grid. In the present paper, parameters affecting supraharmonic levels at the PV
system output, as well as at the inverter output, before the filter, are examined. Due to the
crucial role of the inverter switching action in shaping the frequency spectrum at its output,
factors associated with switch control are discussed. Parameters that limit the output filter
effectiveness in mitigating distortion on the grid side are then considered. Furthermore,
a local network comprising the PV system and a three-phase PWM-controlled rectifier
is examined. This additional supraharmonic source could be perceived, for example,
as the front-end converter connecting an EV charger to the ac grid [30]. Interactions
between the two systems during simultaneous operation are examined, also taking into
account irradiance variations. Finally, the impact of the entire network on the power
quality at its point of connection to the utility grid is evaluated. An approach based on
power components is proposed that can offer insight on interactions within this network,
which cannot be obtained by means of conventional indices. An association between grid
supraharmonic-related power quality and irradiance levels is investigated.

2. Materials and Methods

The modelling approach employed in this study is a time domain approach based
on an ideal switch model, i.e., a zero resistance (short circuit) when closed and an infinite
resistance (open circuit) when open. The mathematical framework was presented in [29]
and is briefly outlined in Appendix A. The system model constructed using this approach is
independent of the switch technology. Its behavior is predictable, irrespective of frequency,
temperature etc. The topology of the power electronic converter circuit varies along with the
conduction state of the switches and each state is represented by a different set of equations.
The minimization of the dimension of system equations at each conduction state is one of
the advantages of this approach. The process of the topology modification is performed by
means of a transformation tensor. All parameters of the state equations are computed from
appropriate modifications of their predecessors in the previous conduction state.

3. PV System Simulation Study
3.1. System Model

The complete model for a PV system with the configuration shown in Figure 1 is
considered. A PV generator with an 8 kWp-rated output power is connected to a low-
voltage distribution line supplied from a three-phase step-down distribution transformer.
The power conditioning unit includes a digitally controlled, force-commutated, three-phase
voltage source inverter (VSI). This inverter is fed through a boost converter that regulates
the PV generator DC voltage level and ensures MPP operation at every irradiance value.
The inverter is controlled via sinusoidal pulse width modulation (SPWM) with a 16 kHz
switching frequency. It should be noted that this frequency is selected in accordance
with an actual system from which field measurements have been obtained, discussed
in Section 5. Nevertheless, the simulation approach is general and can be applied for
any system, regardless of the operating frequency. Symmetrical regular sampling with a
16 kHz sampling frequency is used and a near-unity power factor operation is maintained.
Furthermore, the modulating signal for the switch control is considered to be an internally
generated sinusoidal signal which is synchronized with the converter supply voltage
by using zero-crossing detection. The inverter, along with an LCL filter, converts DC
power into three-phase AC power that must comply with grid-connection standards. A
transformerless connection to the distribution line is assumed. The distribution line up to
the point of connection of the PV system is modeled as a resistance R; and an inductance
L; per phase. The distribution system is modeled as an equivalent three-phase sinusoidal
voltage source with a resistance Rs and an inductance Lg (per phase) for the distribution
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transformer and a resistive three-phase load depicted as a resistance R; (per phase). The
supply voltages are assumed to constitute a balanced three-phase system.

PV Lho().\'/ | L I
generatou oan Dt 4 4 g, iny g R L
Linv Lr . . .
©O = Cpr =Che 1 ! m w Distribution
O O—I ' Liny L, R L system
- - E Yo AT ’
| RiSRiSRy:
Gl Gl G RiZRiSR;
T T

Figure 1. Equivalent circuit for the system under consideration.

In Figure 1, L;,, and Ly are LCL filter inductances, Cy is the LCL filter capacitance
and Ry its series resistance (per phase). Furthermore, Cpy is the capacitance of the PV
output capacitor, Ly, is the boost converter inductance and Cpc is the boost converter
capacitance. The values of the circuit elements in the configuration shown in Figure 1
are included in Appendix B. The PV generator component of the system is modelled as
described in Appendix A. Additionally, for the approximation of its parameters from PV
characteristic values commonly provided by manufacturers, i.e., short circuit current, open
circuit voltage, as well as voltage and current at the maximum power point of the PV
characteristic, models derived from [31,32] can be utilized. This includes modifications to
these parameters due to irradiance and temperature variations.

During a clear-sky day, solar irradiance increases from very low in the early morning
to maximum level at midday. This is repeated in reverse during the afternoon. Significant
but random variations are also possible, depending for example on the cloud pattern, but
these are not taken into account in this study. Irradiance values on the PV array surface
during the course of the day are approximated by a simple model given by

G = 1000 sin(157 — 90) (1)

where G is the solar irradiance in W/m? and T is solar time in h [29]. Furthermore, constant
hourly values of irradiance are assumed, resulting in an approximation of Equation (1)
by means of the step function illustrated in Figure 2. The maximum value of irradiance
acquired from this approximation is 991 W/m? and the minimum is 131 W/m?.

Irradiance (W/mz)

10

12
Time (h)

Figure 2. Approximation of daily variation of solar irradiance.
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3.2. Simulation Results

The waveforms of all three phases of the current at the output of the PV system are
presented in Figure 3. The maximum irradiance value of 991 W/m? is assumed, henceforth
denoted as Gy Cell temperature is assumed to be constant, equal to the cell reference
temperature. The respective frequency spectra are also shown in Figure 3. It can be ob-
served that they contain significant supraharmonic components at the switching frequency
(16 kHz) and its multiples. Furthermore, there are current components of significant magni-
tude around 7 kHz that can be attributed to a system resonance associated with the selected
filter parameters. It should be noted that all supraharmonic spectra presented in this paper
are based on rms values and are limited to 120 kHz, since the emission in the frequency
range beyond this point is considered negligible. Phase angle information is not included
in the results. It could, however, be utilized in a study investigating the possibility of
supraharmonic cancellation within a network with multiple supraharmonic sources.
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Figure 3. Current waveforms at the output of the PV system (phases A, B and C) and associated
frequency spectra, G = G-

The waveform and frequency spectrum of the current of phase A at the inverter output,
before the filter, are shown in Figure 4a. The results for the phase voltage waveform at the
PV system output are shown in Figure 4b. The thickness of the line in the time domain
graphs in both figures is associated with the supraharmonic content. This distortion is
especially pronounced at the inverter output. It is only partially mitigated by the filter, thus
the current at the PV system output after the filter retains some supraharmonic content,
as shown in Figure 3. These current supraharmonics are injected into the grid, resulting
in a distortion of the voltage. Indeed, the supraharmonic spectrum reveals potentially
harmful disturbances in the supply voltage of other devices connected to the same line.
Their severity is associated with the impedance of the line and the distance between the
connection points of the PV system and each device.
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Figure 4. (a) Current (phase A) at the output of the PV inverter and its frequency spectrum, G = Gyax;
(b) voltage (phase A) at the output of the PV system and its frequency spectrum, G = G-

4. Parameter Impact Assessment
4.1. Environmental Parameter Impact Assessment

The impact of irradiance levels on the supraharmonic emission of the PV system under
consideration is examined. Waveforms of phase A of the current at the PV system output
for various irradiance levels calculated by means of Figure 2 are presented in Figure 5 along
with their corresponding frequency spectra. Six values of irradiance are examined, from
131 W/m? up to 991 W/m?, corresponding to the points in Figure 2.

It can be observed from Figure 5 that even though the system power output changes
throughout the day, the rms values of the main supraharmonic components associated
with the switching frequency remain the same. Therefore, the supraharmonic emissions
of the PV system affect the grid in a relatively constant manner, regardless of its energy
contribution, as long as the system remains in operation.

The effect of temperature on supraharmonic emissions is investigated next. To this end,
simulation results for additional temperature values are presented. Current waveforms
and corresponding frequency spectra at 991 W/m? and 609 W/m? at ambient temperatures
of 30 °C and 40 °C are presented in Figure 6. These values are common for an actual system.
Similar simulation results were obtained for other temperature values. By comparing these
results to their counterparts in the previous section, it can be deduced that supraharmonic
components at the switching frequency and its multiples are not affected by temperature.
It should be noted that possible effects of temperature variations on other components of
the PV system are not investigated in this paper. Their incorporation in the system model
is one of our future research goals.



Energies 2025, 18, 564

8 of 31

20 -

20
g 10 g 104
5 04 S 04
E | =
= =
QO -104 O -104
-20 T T T T E T E 1 -20 E T g T : T u 1
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
Time (s) Time (s)
0.05 4 0.05
Q0.04— 30.04
50.03__ %0-03
E0.0Z— E0.0Z
© 0.011 © 001
O'OO'III.'I'I'I'I 0.00 |'k|"|'|'|'|
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Frequency (kHz) Frequency (kHz)
(a) (b)
20 - 20 -
< 104 < 101
5 0 5 0
E =)
= =
O -104 O -104
-20 E T E T . T y 1 -20 E T E T . T y 1
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
Time (s Time (s
© 0.05 ©
30.04—
*qa) 0.03 4
E 0.02 +
© 0.01]
"I"I'I'I'I 0-00.!'I"IA'I'I'I'I
40 60 80 100 120 0 20 40 60 80 100 120
Frequency (kHz) Frequency (kHz)
(c) (d)
20 20 -
I 10 < 10-
- E —/_A\V/
g 0 g 0
3 -10 O -10-
-20 4 T T T T T T T 1 -20 T T T T T T T 1
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
Time (s) Time (s)
0.05 0.05
20.04 §0.04—
= 0.03 = 0.034
5, 5}
g 0.02 5 0.02 4
C 0.01 © 0.01
O-OO'I'kIl'I'I'I'I 0-00|'|'||'|'|'|'|
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Frequency (kHz) Frequency (kHz)
() ®

Figure 5. Current waveform (phase A) at PV system output and associated frequency spectrum at
(a) 991 W/m?2, (b) 924 W/m?2, (c) 793 W/m?Z, (d) 609 W/m?, (e) 383 W/m?2, and (f) 131 W/m?.
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Figure 6. Current waveform (phase A) at PV system output and associated frequency spectrum at
(@) 991 W/m?2 and 30 °C, (b) 991 W/m? and 40 °C, (c) 609 W/m? and 30 °C, (d) 609 W/m?2 and 40 °C.

4.2. Inverter Switching Impact Assessment

According to the previous section, the frequency spectrum of the PV system output
remains constant, regardless of environmental parameter variations. This frequency spec-
trum is directly associated with the PWM method and the chosen switching frequency.
Furthermore, possible deviations of the operation of the switches from the ideal according
to PWM theory could result in unpredictable behavior. Even though the supraharmonic lev-
els at the PV system output are ultimately determined by the output filter and its mitigation
capabilities, factors affecting switch control pulses should be investigated first.

4.2.1. Sampling Method and Frequency

One of the factors shaping switch control pulses is the method used for the sampling
of the reference signal. Naturally sampled PWM (Figure 7a) adheres to the theoretical
definition of PWM [33,34] and is based on the detection of the intersection between the low-
frequency sinusoidal reference signal and the high-frequency triangular carrier. However,
its practical implementation is considered to be challenging, so the operation of modern
PWM converters is instead based on regular sampling techniques. More specifically,
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the reference waveform is sampled and then held constant for a specific time interval
associated with the triangular waveform period. The controlling pulse of each phase leg
of the converter is formed by a comparison of the sampled value against the triangular
waveform. The samples of the reference signal are obtained either at the positive or the
negative peaks of the carrier in the case of symmetrical regular sampling (Figure 7b), or
at the positive as well as the negative peaks in the case of asymmetrical regular sampling

(Figure 7c).
carrier
waveform
reference /
voltage
8%

sampled
waveform !
|

PWM
signal

PWM . R
—»

signal

Figure 7. PWM signal generation in the case of (a) natural sampling, (b) symmetrical regular sampling,
and (c) asymmetrical regular sampling.

In practice, the time instants defining the gating pulses in regular-sampled PWM are
simply computed in real time from a specific sampled value of the reference waveform.
For the calculation, geometrical relationships involving the carrier period T, and a sample
of the reference waveform us are used. Therefore, the triangular carrier does not have
to be generated at all. In this manner, the computational burden on microprocessors is
considerably reduced.

Instead of the symmetrical regular sampling method used in all previous cases, natural
sampling is selected for the simulation. The resulting waveform and frequency spectrum for
the current at the inverter output are shown in Figure 8a. By comparing this to Figure 8b,
which is a reiteration of Figure 4a, it can be deduced that the effect of the sampling
method choice on the main current supraharmonics is negligible. Asymmetrical regular
sampling is also examined. The respective waveform and frequency spectrum are shown
in Figure 8c. In terms of supraharmonics, there is no significant variation in this case either.
However, it should be noted that the sampling method does affect less significant sideband
supraharmonics. In order to demonstrate this, a small area of the frequency spectra of
Figure 8 has been enlarged.
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Figure 8. Current (phase A) at the output of the PV inverter and its frequency spectrum in the case
of (a) natural sampling, (b) symmetrical regular sampling, and (c) asymmetrical regular sampling,
G = Gax-

In modern power electronic converters, high switching frequencies are preferred
for the reduction of harmonics and overall improvement in performance. However, the
generation of the gating signals requires high calculation speeds, significantly increasing
equipment costs. The application of methods to reduce the amount of computations can
improve computation time. To this end, regular-sampled methods can be modified by
using a reduced sampling frequency [34]. More specifically, instead of acquiring a different
sample at the positive (or both positive and negative) peaks of the carrier waveform, the
sampling frequency can be reduced by a factor of N. As a result, only one sample is obtained
for every N samples of the conventional method, which is subsequently used to produce N
consecutive gating pulses. Equivalently, the sampling period Ty is increased from T to
NT.. This approach can simplify equipment specifications and reduce costs, especially when
extremely high switching frequencies are used. However, as is demonstrated in Figure 9, it
can also increase supraharmonics at intermediate points of the spectrum associated with
the sampling frequency.

4.2.2. Dead Time

Up until this point, the switch state was assumed to change at exactly the time instants
dictated by the selected PWM scheme. Nevertheless, the change of the conduction state
of the switches after a controlling pulse has been applied is not instantaneous. There is a
small time lapse until the completion of this change. During this time, both switches of
a converter leg may end up simultaneously conducting, thus causing a short circuit. By
introducing dead time, i.e., a specific time delay between the gating signals of the two
switches, this undesirable state can be avoided. In Figure 10, the waveform of the current
at the inverter output for three different values of dead time is displayed. More specifically,
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a time interval t; equal to 0.005 T, 0.010 T, and 0.015 T, was considered. An inspection of
the respective frequency spectra reveals that supraharmonic components increase along
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Figure 9. Current (phase A) at the output of the PV inverter and its frequency spectrum in the
case of (a) symmetrical regular sampling with T = Tc, (b) symmetrical regular sampling with
Tsampte = 4T¢, (¢) asymmetrical regular sampling with Tggpre = 7T¢/2, G = Gyax.
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Figure 10. Current (phase A) at the output of the PV inverter and its frequency spectrum for
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4.3. Output Filter Impact Assessment

The LCL filter [35,36] is a popular solution for power quality improvement at the PV
system output due to its reduced cost and size. Its purpose is to reduce the switching
frequency components that emerge as a byproduct of PWM. It can be deduced from a
comparison between Figures 3 and 4a that the output filter of the PV system significantly
suppresses the supraharmonic components of current at the inverter output. The drawback
of this configuration is the resonance that occurs at a frequency below the switching
frequency. This frequency is associated with the inductances L;,;;, Lg and capacitance Cy
selected for the LCL filter as follows [35,36].

fo= 1 [Limw+Lg
27 CfLinng

For the filter parameters included in Appendix B, this frequency is approximately 8 kHz.

()

For a realistic calculation of the resonant point, the grid impedance must also be
taken into account in the filter parameter selection, since the additional inductance can
cause a shift in the value derived from Equation (2), as shown in Figure 3. However,
grid impedance is not easily predictable in real grids and random load connections and
disconnections further complicate matters.

A resistance is assumed to be connected in series with the capacitor of the LCL filter in
order to mitigate the current peak around the resonant point [37]. In order to examine the
impact of this damping resistance, a 12.9 () resistance is assumed to be connected in series
with the filter capacitance instead of the original value included in Appendix B. This value
corresponds to one-third of the impedance of the filter capacitor at the frequency given by
Equation (2). The waveform and frequency spectrum of the PV system output current are
shown in Figure 11a. A significant mitigation of the effects of the resonance is achieved.
However, by increasing the damping resistance value, an increase of losses can be expected.
In addition, an increase of supraharmonic rms values is observed as the filter effectiveness
declines. In fact, the main switching component increases by approximately 10%. As
expected, the current supraharmonics at the inverter output (Figure 11b) are not affected.
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Figure 11. (a) Current (phase A) at the output of the PV system and its frequency spectrum, G = Gy,
increased output filter resistance; (b) current (phase A) at the output of the PV inverter and its
frequency spectrum, G = Gy, increased output filter resistance.
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Next, a capacitance of 8 uF is considered, along with a resistance of 3.2 (), in accordance
with [36]. The waveform and frequency spectrum of the current of phase A are shown in
Figure 12. The supraharmonic components turn out to be significantly lower. However, the
resonance has shifted as well, resulting in an increase of harmonics below the 40th order.
Weak grids with high impedance values are more likely to be affected by this problem.

20
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Figure 12. Current (phase A) at the output of the PV system and its frequency spectrum, G = Gyax,
alternative Cf, Rf combination.

To reduce the current harmonics around the switching frequency, a larger inductance
value could also be selected for the output filter. However, this results in more expensive cir-
cuit components, larger equipment volume and a poorer system dynamic response [35,36].
In low-power applications, such as the residential PV system under consideration, the LCL
filter is incorporated into the power conditioning unit and the volume of the device is an
important consideration during the design process. Consequently, the inductance value
has to be limited.

4.4. Linear Load Impact Assessment

The effect of the linear load on the PV system output is investigated next. Instead
of the resistive load initially considered, the case of an RL load is examined, as well as
the extreme case of no load. The simulation results for the current at the inverter output
are presented in Figure 13. The results for the original load have also been included for
comparison purposes. It can be observed that the supraharmonic content of this current is
the same, regardless of the load. Nevertheless, the supraharmonic current components at
the grid side of the filter are affected by the change in the circuit impedance.



Energies 2025, 18, 564

15 of 31
20 20 20
15 15 15
10 10 10
2 5 = 5 2 5
o0 z 0 0
g 5 5 5 5 5
3 -10 3 -0 3 10
-15 -15 -15
20 T T T 1 204 T T T 1 20+ T T T 1
0000 0005 0010 0015 0020 0000 0005 0010 0015  0.020 0.000 0005 0010 0015  0.020
05— Time (s) 05— Time (s) 05— Time (s)
04- 04- 04-
< 03 < 03 < 03]
B o2 B o2 B 02
£ %7 £ ] g %1
= =
O 0.1 O 0.1 | O 0.1
0.0 LA I' |' — 0.0 et |l' —tr— 0.0
0 20 40 60 80 100 120 0 20 40 60 8 100 120 0 20 40 60 8 100 120
Frequency (kHz) Frequency (kHz) Frequency (kHz)
(@) (b) ©
Figure 13. Current (phase A) at the output of the inverter and its frequency spectrum with a load
of (a) Ry = 20 Q per phase, (b) R; =20 ), L; = 0.03 H per phase connected in series, (c) no load,
G = Guuax-
5. Comparison with Field Measurements
In [22], measurements carried out on an actual grid-connected PV system were pre-
sented. This system comprised an array of polycrystalline modules with a total rated
output of 8 kWp connected to the LV grid via a transformerless three-phase inverter with
MPPT and unity power factor functionality. An instance of the current at the PV system
output obtained from that set of measurements is shown in Figure 14a, along with the
respective frequency spectrum.
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Figure 14. (a) Measurement results of the current of phase A at the PV system output at G = 927 W/m?;
(b) simulated waveform of the current of phase A at the PV system output at G = 927 W/m?.
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The inverter of this PV system is essentially a black box due to the lack of available
information regarding its inner circuitry and parameter values. Therefore, the system model
used in the simulation studies of the present paper is not considered to be an equivalent
circuit. Even though the presence of supraharmonic components associated with the
16 kHz switching frequency of the inverter is evident, there are additional components of
significant magnitude present in the spectrum. These components do not appear to be
consistent with simulation results. For example, by selecting appropriate parameters for
the simulation (L;;;, = 2.3 mH, Ly = 1.4 mH, Cy=1puF, Ry =18 ), 4 = 0.005 T, G = 927 W/m?)
the waveform shown in Figure 14b can be obtained. Nevertheless, a significant factor that
has not been taken into account so far is the presence of other supraharmonic sources in
close proximity with the system under consideration.

The PV system under study is the only PV system connected to the distribution line.
Furthermore, the installation is located in a purely residential area with no major suprahar-
monic sources other than common household appliances incorporating power electronic
converters. It can thus be assumed that the frequency spectrum of Figure 14a is due to
the superposition of supraharmonic components originating from multiple such loads
operating at various connection points along the same distribution line. In order to gain
some insight into possible interactions between the PV system and other supraharmonic
sources, a single supraharmonic-emitting load of considerable power will be assumed to
be operating simultaneously with the PV system.

6. Extended System Simulation Study
6.1. System Model

By studying the behavior of a single supraharmonic source, important conclusions can
be drawn regarding the parameters that affect it. However, the coexistence of this source
with other supraharmonic-emitting devices that may be connected to the same distribution
line or even included in the same installation is a more realistic scenario. An examination
of the supraharmonic spectrum derived from measurements of existing installations, such
as Figure 14a, is likely to reveal a multitude of components, as opposed to the discrete ones
derived by the simulations so far.

Non-characteristic components at the terminals of the system under consideration that
are associated with other supraharmonic sources are often called secondary emission [38,39].
Apart from the determination of the secondary emission levels at the PV system terminals,
a prediction of the propagation of the PV system supraharmonics (primary emission) along
the distribution line is also important. The range of impact depends on the impedance of
both the line and the devices connected to it.

Possible interactions during the simultaneous operation of supraharmonic sources
are examined next. For this purpose, the PV system is assumed to be connected at the end
of the same line as before. In this case, however, an additional supraharmonic-emitting
system is included in the simulation. This system, henceforth denoted as System 2, is
assumed to be of a more generic form, modelled as a constant DC load supplied via a
three-phase SPWM-controlled rectifier with a switching frequency of 20 kHz. The voltage at
the DC output terminals of the rectifier is kept constant. An LCL filter at the AC side is also
included. The parameters of System 2 are included in Appendix B. The subscripts 1 and 2
have been included in component symbols in order to distinguish between components of
the PV system and System 2, respectively.

The equivalent circuit of the network is depicted in Figure 15. The PV system is
connected at the end of line segment 1, System 2 is connected at the end of line segment 2,
and line segment 3 runs from the connection point of segments 1 and 2 to the connection
point of the local network to the distribution grid. The inductance and the resistance of
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segment i are denoted by L; and R; respectively, with i = 1,2,3. Both the PV system and
System 2 are assumed to be operating continuously. A near-unity power factor operation is
maintained at the output of each system. In addition, a simple three-phase linear RL load is
assumed to be connected to the other end of line segment 3. The grid voltages are assumed
to constitute a balanced three-phase system. There are no other devices connected along
the line that could inject harmonics into the grid or act as sinks. It should be noted that
various devices connected along a distribution line would normally be switching on and
off at random intervals, resulting in varying system impedance. However, this parameter
is not taken into account.
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Figure 15. Equivalent circuit for the extended system under consideration.

6.2. Simulation Results

Simulation results show that the currents at the converter terminals, right before the
filters, contain components that are exclusively associated with their respective switching
frequencies (Figure 16). The switching components of the inverter currents are significantly
reduced by their respective filters and only a small portion can be detected in the currents
at the point of connection of each system. On the other hand, shunt capacitors form low
impedance paths for supraharmonic currents generated by any supraharmonic source in
the vicinity due to the decrease of capacitive reactance as the frequency increases. Therefore,
the current at the point of connection of the PV system contains additional components
that can only be associated with the switching frequency of the rectifier, and vice versa.

In Figure 17a,b the currents of the PV system and System 2 are presented. Both
the primary and the secondary emission are evident in the respective frequency spectra.
Furthermore, LV grid impedance is considered inductive due to the characteristics of the
cable as well as the transformer. This impedance tends to increase along with the frequency,
which limits the extent to which the grid can be affected by the supraharmonics injected by
a single source. The supraharmonic spectrum of the current of line segment 3 (Figure 17c)
contains all frequencies of the spectra of Figure 17a,b. For instance, part of the 16 kHz
component generated by the PV system flows toward the filter of System 2. The remaining
part flows toward the grid and can be detected in the current of line segment 3. Similar
conclusions can be drawn for the 20 kHz component.
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Figure 16. Current waveform (phase A) and its frequency spectrum (a) at the output of the PV system
inverter, (b) at the AC side of the rectifier of System 2, G = Gyax.
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Figure 17. Current waveform (phase A) and its frequency spectrum (a) at the point of connection of
the PV system, (b) at the point of connection of System 2, (c) at line segment 3, G = Gyax.

The voltage (phase A) at the point of connection of each supraharmonic source is
shown in Figure 18. The current harmonic components injected into the grid along with
grid impedance result in the distortion of the voltage supplied to other devices connected
along the same line. The voltage at the point of connection of the linear load is also depicted
in Figure 18. This voltage is indeed distorted, containing components associated with
supraharmonics from both sources, but their magnitudes are reduced, due to the distance
between the linear load and these sources.



Energies 2025, 18, 564

19 of 31
400 400 400
300 300 300
S 200 S 200 S 200
< 100 < 100 < 100
g o g o g 0
§ -100 § -100 ';: -100
200 -200 -200
-300 -300 -300
. 400 }b——7————————— 40— +— 7+
0.000 0005 0010 0015  0.020 0.000 0005 0010 0015  0.020 0.000 0005 0010 0015  0.020
304 Time (s) 30 Time (s) 30— Time (s)
2.5 2.5 2.5
2 2.0 2 20 2 20
[*) e [} [} E
& 154 g 1s & 154
2 10] < 10 S 1.0
0.5 | 05 0.5
0.0 .!.!1. T S S— 0.0 .,.I,l'.}.,.,., 0.0—#!.'!!.,.,.,.,
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Frequency (kHz) Frequency (kHz) Frequency (kHz)
(a) (b) (c)
Figure 18. Voltage waveform (phase A) and its frequency spectrum (a) at the point of connection of
the PV system, (b) at the point of connection of System 2, and (c) at the point of connection of the
linear load, G = Gy
The simulation is repeated for an irradiance value of 609 W/m? and the results for
the currents after the filters are presented in Figure 19. As expected, the rms values of
components at the switching frequency and its multiples are constant, regardless of the
change in the irradiance level. However, when the irradiance decreases, so does the
fundamental component I,g of the current at the PV system output. If the ratio of the
supraharmonic component to the fundamental was examined in the form of a THD index
similar to the one used for low-order harmonics, then it could be deduced that there is an
increase of the PV-related disturbance as irradiance decreases.
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Figure 19. Current waveform (phase A) and its frequency spectrum (a) at the point of connection of
the PV system, (b) at the point of connection of System 2, (c) at line segment 3, G = 609 W/ m?.
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6.3. Evaluation of Supraharmonic Disturbance

A different approach that can provide insight into the disturbance at the point of
connection to the network is to examine power-related phenomena rather than the current
THD. To this end, a new index called the Generalized Mutual Coupling (GMC) bivector
that was introduced in [40] will be utilized. The GMC bivector is a representation of power,
constructed within the framework of Geometric Algebra (GA), and it is characterized by
a magnitude, direction and sense. It is based on voltage and current measurements (or
calculations) at the terminals of a network element. Its conservative nature permits a
correlation between the distortion at the terminals of individual elements forming a local
network and the point of connection of this network to the grid. A brief overview of some
basic principles that are utilized in this paper is included in Appendix C. It should be
noted that the following analysis is based on a single-phase equivalent of the circuit under
consideration and calculations concern per-phase quantities.

According to [40], a bivector specifically associated with supraharmonics, denoted as
B¢, can be defined. This bivector can be calculated at the terminals of the entire network
by means of Equation (A16) in conjunction with Equation (A22), as well as the terminals of
an individual element x of the network by means of Equations (A17), (A18) and (A22). The
latter is denoted as Byyysy,. Bivector By, of element x can be decomposed into By, that
contributes to the network bivector By, and By, that is associated with interactions
among network elements.

Bivectorial expressions, in their complete form, comprise a large number of terms,
resulting from all possible pairings of the harmonics present in the network. Combinations
of the fundamental with a significant harmonic in the 16 kHz band and a significant
component in the 20 kHz band will be considered first. The bivectors By, for these
specific combinations of harmonics are shown in Tables 1 and 2 for all network elements, as
well as the point of connection of the network to the grid. Calculations for three different
irradiance values are presented. According to Table 1, bivector components of the PV
system decrease along with irradiance, even though the supraharmonics at its output are
not affected by irradiance. This is due to the decrease in the fundamental component
of its output current. The bivector of System 2 is approximately constant, since this
network element is assumed to be operating in a continuous manner. The slight variation is
associated with the fundamental voltage drop. Furthermore, there is practically no change
in the case of the linear load. On the other hand, from the viewpoint of the grid, the By,
bivector at the connection point of the network appears to vary considerably, due to an
increase in the fundamental component of the current.

For a more detailed look into the energy exchange within the network, By, can be
analyzed into Bpyyspp and Byyyg, . Component By, indicates a significant drop in the
energy exchange among the PV and the two loads as irradiance decreases. Component
Btxsh-p, corresponding to the contribution of the PV to the bivector at the network terminals,
decreases along with irradiance as well, whereas for the two loads an increase is observed.
Consequently, as a result of the drop in the energy associated with the PV system, the
energy supplied by the grid has to increase due to the constant demand from System 2 and
the linear load.

When the 20 kHz frequency is examined, similar conclusions can be drawn, but with
less severe variations due to the smaller magnitude of the main supraharmonic current
components emitted by System 2. Furthermore, System 2 has the most prominent bivector
components in this case, since it is responsible for the presence of the supraharmonic
frequency under consideration.
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Table 1. Bivector components of network elements involving the fundamental and the most significant

supraharmonic in the 16 kHz band.

G Btxsh Bagxsh-r Bsth—p
(W/m?) (VA) (VA) (VA)
€13 €14 €23 €13 €14 €23 €13 €14 €23
991 —-33.7 10.6 0.7 —16.6 21.0 8.4 —-17.1 —-10.4 7.7
PV System 793 —26.9 10.3 0.2 —11.2 18.2 54 —15.7 -79 —-5.2
609 —-20.9 10.3 —-0.1 —-8.1 15.8 3.6 —12.8 —5.5 -3.7
991 16.8 -3.1 0.2 4.2 -10.8 —5.5 12.7 77 5.7
System 2 793 16.6 —-3.1 -0.2 2.3 —-10.3 —4.9 14.3 7.2 4.7
609 16.4 -3.3 -0.0 1.2 -9.8 —4.4 15.2 6.5 44
991 9.9 -0.1 4.6 2.0 —-49 1.1 79 4.8 3.5
Linear load 793 9.7 —-0.1 4.6 1.2 —4.3 1.8 8.5 4.2 2.8
609 9.8 -0.1 4.6 0.9 —4.0 2.0 9.0 3.8 2.6
991 14.1 —-0.2 -0.3 6.8 —4.7 —-3.6 7.3 44 3.3
Line 1 793 11.2 —-0.1 -0.1 4.5 -35 —-2.3 6.7 34 22
609 8.7 -0.1 0.0 3.1 -25 -1.6 5.6 24 1.6
991 5.1 —-0.2 0.1 3.9 -1.0 —-0.5 1.3 0.8 0.6
Line 2 793 5.1 —-0.2 -0.1 3.7 —-0.9 —-0.5 14 0.7 0.5
609 5.1 -0.1 -0.0 3.5 -0.8 —-0.5 1.6 0.7 0.5
991 —0.8 0.0 -0.3 -0.2 0.4 0.0 —0.6 —-04 -0.3
Line 3 793 —2.2 0.0 0.1 —-0.6 0.8 0.6 -1.7 —0.8 —0.6
609 —-34 0.0 0.0 -0.7 1.2 0.8 -2.8 -1.2 -0.8
Point of connection to 991 11.3 6.9 5.1 0.0 0.0 0.0 11.3 6.9 5.1
the erid 793 13.6 6.8 45 0.0 0.0 0.0 13.6 6.8 4.5
& 609 15.8 6.8 45 0.0 0.0 0.0 15.8 6.8 45
Table 2. Bivector components of network elements involving the fundamental and the most significant
supraharmonic in the 20 kHz band.
G Basash Barixsi-r Bsth-p
(W/m?) (VA) (VA) (VA)
€15 €16 €25 €15 €16 €25 €15 €16 €25
991 —6.5 —-0.9 0.1 04 24 3.3 —6.9 —-34 -3.1
PV System 793 —-5.2 —-0.9 0.0 1.3 1.6 2.2 —6.4 -2.6 2.1
609 —4.0 -1.0 -0.0 1.1 0.7 15 —5.1 -1.7 -1.5
991 15.0 3.1 0.2 9.9 0.6 —2.1 5.1 2.5 2.3
System 2 793 14.9 3.1 —-0.2 9.1 0.8 21 5.9 2.3 1.9
609 14.7 3.1 —-0.0 8.7 1.1 -1.8 6.1 2.0 1.8
991 4.0 —-0.0 1.9 0.8 -1.6 0.5 3.2 1.5 14
Linear load 793 4.0 -0.0 19 0.5 -14 0.7 3.5 1.4 1.1
609 3.9 -0.1 1.9 0.3 -1.3 0.8 3.6 1.2 1.0
991 -15 0.0 0.0 —45 —-14 -1.3 3.0 14 1.3
Line 1 793 -1.3 0.0 0.0 —4.0 -1.1 -0.9 2.7 1.1 0.9
609 -1.0 0.0 -0.0 —-3.2 —-0.7 -0.7 2.2 0.7 0.7
991 —6.0 0.0 -0.1 —6.5 —-0.2 -0.3 0.5 0.2 0.2
Line 2 793 —6.0 0.0 0.1 —6.6 —-0.2 -0.1 0.6 0.2 0.2
609 -5.9 0.1 0.0 —6.6 —-0.2 —-0.2 0.6 0.2 0.2
991 —-0.3 0.0 -0.1 -0.1 0.1 0.0 —-0.3 -0.1 -0.1
Line 3 793 -0.9 0.0 0.0 -0.2 0.3 0.2 -0.7 -0.3 -0.2
609 —-14 0.0 0.0 -0.3 0.4 0.3 —-1.1 —-04 -0.3
Point of connection to 991 4.6 2.2 2.1 0.0 0.0 0.0 4.6 2.2 2.1
the erid 793 5.5 2.2 1.8 0.0 0.0 0.0 5.5 2.2 1.8
& 609 6.3 2.1 1.8 0.0 0.0 0.0 6.3 2.1 1.8
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In Table 3, one can find the rms value of the fundamental current I,,s of phase A
and the total harmonic distortion THDig}, associated with the supraharmonic spectrum of
the current. As expected, in the case of the PV system this index increases as irradiance
decreases. The fundamental component and the distortion at the output of System 2 is
constant, thus the corresponding THDigy, is approximately constant as well. At the network
terminals, the supraharmonics also remain the same. However, as the fundamental current
at the PV system output decreases, there is an equivalent increase of the grid-supplied
current in order for the current of the two loads to remain constant. Therefore, at the
network terminals, the THDigy, decreases along with irradiance. In other words, from the
viewpoint of the grid, it could be assumed that there is a decrease of the disturbance along
with irradiance levels.

Table 3. Indices for the characterization of the distortion associated with network elements.

G Tyms THDigp, Bsth—p
(W/m?) (A) (%) (VA)
991 11.9 0.53 —33.7
PV System 793 9.6 0.65 —29.2
609 75 0.84 229
991 133 0.21 25.0
System 2 793 13.3 0.21 26.6
609 132 0.22 27.2
991 103 0.00 155
Linear load 793 103 0.00 15.7
609 103 0.08 16.0
991 11.9 0.53 143
Line 1 793 9.6 0.65 125
609 75 0.84 10.0
991 133 0.21 25
Line 2 793 133 0.21 27
609 132 0.22 28
991 14 3.08 12
Line 3 793 37 1.19 31
609 5.7 0.77 —49
. . 991 11.8 0.37 23
Point Otf}feongzcnon to 793 13.7 0.32 25.1
& 609 15.7 0.28 282

An assessment of the supraharmonic distortion at the point of connection of the
network to the LV grid is also possible by means of the magnitude B, of the bivector
By, This index suffers from a loss of information compared to Byy,. Nevertheless, it
permits the study of a broad frequency range by means of a single quantity. In this case, the
fundamental harmonic along with a frequency range of 2 kHz around each of the first six
switching supraharmonics of the system is considered. Just like By, the magnitude By, is
a result of the combined impact of all network elements. Individual element contributions
can be allocated by means of the signed magnitudes By, given by Equations (A20),
(A21). These values are presented in Table 3 for every network element alongside the
respective THD index. At the point of connection to the network, By 18 just By

By studying Bjjysp.p results in Table 3, it can be deduced that the PV system and
System 2 are both emitting supraharmonics in the frequency range under consideration.
However, they have opposing roles in terms of the flow of energy. According to Table 3, the
linear load seems to be participating in the distortion as well. This is due to the distorted
voltage at its terminals in conjunction with its high power rating. Nevertheless, the results
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for this load are significantly lower. More importantly, as the contribution of the PV system
decreases along with irradiance, the magnitude of the network bivector increases. This
indicates an increase of nonactive power terms, i.e., terms uselessly contributing to the
apparent power, similar to the reactive power. Therefore, from the viewpoint of the grid,
the disturbance is actually increasing.

7. Discussion

In this work, the supraharmonic emissions of a small three-phase grid-connected
PV system were examined. It was demonstrated that even though the environmental
conditions at the PV system location can vary significantly, its supraharmonic emissions are
mainly shaped by the switching action of the PWM-controlled inverter. These emissions
remain approximately constant throughout the day, as long as the system remains in
operation. With this in mind, factors affecting the switch control pulses of the inverter were
investigated. Even though the magnitudes of the main supraharmonics turned out to be
independent of the sampling method, an emergence of additional distortion was observed
at sampling frequencies lower than the switching frequency. The introduction of dead time
in the switch control pulses also affected distortion levels. Next, the impact of output filter
parameters on the supraharmonic components emitted by the PV inverter was examined.
A sufficiently high value for the filter capacitance can drastically reduce supraharmonics at
the output of the system, with the adverse effect of shifting the resonance point to lower
frequencies. The damping resistance can limit the effect of the resonance, but it also tends
to increase supraharmonics.

Simulation studies as well as field measurements reveal supraharmonic distortion at
the PV system output that is not mitigated by the filter. At first glance, supraharmonic
levels could be deemed insignificant, especially when regulation limits on low-order
harmonics are considered. Furthermore, the distribution line is usually assumed to limit
the propagation of supraharmonics along its length. However, sensitive equipment with
output filters included in the same installation as the PV system or neighboring households
can be affected by this distortion [6]. For example, in [12], cases are documented where
supraharmonic voltages as low as 0.6 V (0.3% where the nominal supply voltage is 230 V)
can cause audible noise. Interference with smart grid functions is also of paramount
concern. A rigorous investigation of factors shaping the supraharmonic spectrum at a PV
system output can reveal equipment optimization options.

It should be noted, however, that in order to obtain an accurate estimation of emis-
sions for a given PV inverter configuration, detailed information on the inner circuitry
and control of the inverter must be available. This is not always possible in the case of
commercial PV inverters. More importantly, the optimal selection of filter parameters is a
constrained optimization problem [35-37,41-44]. The constraints in the case of low-order
harmonics include standard-imposed limits on the voltage and current distortion. In the
case of supraharmonics, such limits have not yet been established and are currently under
discussion. Furthermore, even if an optimal filter design can be selected for a specific PV
inverter configuration, additional supraharmonic sources in the vicinity can negatively
affect distortion levels. The integration of multiple PV systems in close proximity to each
other, as well as the increasing popularity of supraharmonic-emitting loads such as EV
chargers, can result in considerable supraharmonic distortion in the future. This distortion
can be unpredictable and difficult to mitigate. Therefore, the development of tools that can
shed more light on possible interactions is essential. To this end, a network including the
PV system and an additional supraharmonic source was considered. The issue of secondary
emission as a result of the interaction between supraharmonic sources was highlighted.
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A summary of the parameters that have been studied and their impact on the current
supraharmonics is presented in Table 4. It should be noted that parameters associated
with the inverter output affect the output of the entire system as well. The severity of their
impact further depends on the output filter parameters.

Table 4. Parameters affecting PV system supraharmonics.

Parameter Variations Main Effect on Current Supraharmonics
. . Irradiance variations No effect
Environmental conditions T L
emperature variations No effect
Sampling method (natural /symmetrical No effect on main components at
. regular /asymmetrical regular) inverter output
Switch control : . ps . .
Sampling frequency < carrier frequency Additional frequencies at inverter output
Dead time increase Increased values at inverter output

Output filter

Decreased values at PV system output, lower
resonance frequency
Filter resistance increase Increased values at PV system output

Filter capacitance increase

Additional supraharmonic source in

the same vicinity

Additional frequencies at PV system output

For the extended system representing a network with a PV system and an additional
supraharmonic source, the distortion at the point of connection of the network to the grid
was examined. The disturbance with respect to supraharmonics was studied in terms
of THD as well as an exchange of energy associated with supraharmonics. From the
results, it can be deduced that, under low irradiance conditions, a network involving PV
systems and supraharmonic-emitting loads can cause an increase in power components
in the supply grid. This disturbance is not predictable by means of current components
or THD indices. An index based on power components can offer more insight into the
severity of the supraharmonic distortion, as well as the interactions among various network
elements and the distribution grid. More importantly, it can assist in the development
of an appropriate framework for the optimization of the operation of the entire network.
An optimization problem can be formulated based on the proposed quantities with the
objective of minimizing the disturbance from the viewpoint of the grid. This is one of our
future research goals.

8. Conclusions

In this paper, factors that affect the supraharmonic spectrum of the current at a PV
system output are examined. Supraharmonic emissions of a PV system configuration depend
on parameters selected at the design level and are thus fairly predictable. Simulation studies
can help equipment manufacturers improve their designs, thus limiting the supraharmonic
current components injected into the grid. In the more realistic scenario of a network with
multiple supraharmonic sources, simulation studies can offer valuable information regarding
possible interactions among network elements as well as the rest of the grid. They can thus
help grid operators make informed decisions when dealing with incidents of supraharmonic
disturbances. Along with new supraharmonic distortion assessment tools, they can help
in the formulation of guidelines for future grid-connected PV system installations and the
development of efficient mitigating techniques for already installed systems.
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Appendix A
Appendix A.1

System state equations are determined, according to [29], as follows. The equivalent
circuit of the system is assumed to consist of linear elements and ideal switches. Ideal
switches correspond to zero resistance (short circuit) when closed and an infinite resistance
(open circuit) when open. If B is the fundamental loop matrix of the circuit, then all circuit
elements can be grouped into submatrices so that B can be written in the general form

s r § ¢ C
S Bss 0 BSS/ Bsr/ BSC (Al)
rlo B, 0 B, Bc

B:

where primed and unprimed subscripts denote tree branches and links, respectively. Sub-
scripts s, r, C indicate switch branches, e, R, L branches and C branches, respectively.
State equations for the entire system can be written in the general form

Lpi; + Ri; + B.e + Bcuc =0 (A2)

Cypuc = BLi; (A3)

where p = d/dt, i; are link currents, e are voltage sources, and uc are capacitor voltages.
R, L are the loop resistance and inductance matrices and C; is the diagonal primitive
capacitance matrix. B, and B¢ are the submatrices of B associated with source and capacitor
branches, respectively. Furthermore,

(A4)
(T2
e =
e,/
R — RSS RS?’
RT’S Rrr
L— Lss L
Ls Ly
(A5)
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Ry = Bsr' RhVBsr'T

Rer = Bsr' th’ Brr’T

Ris = RsrT

Ryr = Ry + Br/ Rbr’Brr’T

(A6)

where Ry, and Ry, are primitive resistance matrices. Similar formulae can be written
for inductances.

The topology of the circuit varies according to the conduction state of the ideal switches.
Each state is represented by a different set of equations and each set is automatically
formulated by modifying the equations of the previous conduction pattern. If a switch tree
branch opens in the new switching state of the inverter, then that switch must turn into a
link and a former link must turn into a tree branch in order for the tree to remain connected
at all times. The complete circuit Equations (A1) and (A2) are modified by means of

RSS RSV

A~

Rys Rrr

(A7)
B _ 0 CSBSY’
|1 By
N C;B
BC _ Bs sC
rC
Rss - CsRssCST
1}sr - CsTRsr (A8)
Ry = Rsr
Rys = R],
IA-‘ss == CsLsng
];-‘sr = C;Lsr (A9)
LTS == Lsr
L, =Ly

where C; is determined as follows. If the conduction state changes so that a switch tree
branch corresponding to the mth column of B opens, then this switch tree branch can
interchange its role with a closed switch link corresponding to the kth row of B and

(1 0 0 -~ -BkmB(l,m) --- 0]

010 --- —BkmB2m) --- 0

001 --- : 0
—B(k,m)B(k —1,

pee = | ol =tm) (A10)

o B(k,m) :
—B(k,m)B(k+1,m)

000 - —Nkmﬁmwm) o

Finally, the set of equations of the conducting circuit can be derived by selecting
appropriate rows and columns of the modified equations.
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Appendix A.2

For the PV generator, during the interval ¢, <t < t, + At (At: time step) of the simula-
tion, the following linear relation between its voltage 1 and current i can be written [29]:

uc = Egn — Rauic (A11)

where
1

A(Iph +,— icn)

is the incremental resistance of the PV generator and R; is the intrinsic cell series resistance,

Ry = Rs + (A12)

Ly, is the photogenerated current, and I, is the cell reverse saturation current. The constant
N = q/(AKT,;), where g is the charge of an electron, A is a curve fitting constant, K is
Boltzmann'’s constant, and T is the absolute temperature of the cell. Furthermore, a PV
panel/array is treated mathematically by equations of identical form to those of a single
cell by assuming that the cells are identical and by incorporating appropriate multipliers in
the cell parameters corresponding to the number of series cells and parallel strings in the
array. The value of Ey, can be calculated as

Eg, = ugn + Ranicn (A13)

which can be considered as an equivalent voltage source. Parameters Ry, and E;, are
updated after each integration time step.

Appendix B

Parameter values for the system under study are selected as follows.

PV generator: Rated power 8 kWp, 34 modules connected in two strings of
17 modules each.

A single PV module: Rated power 235 Wp, open-circuit voltage Upc stc = 37.1 V, short-
circuit current Isc stc = 8.5 A, maximum power point voltage Upipstc = 29.5 V, maximum
power point current Iy;pstc =8 A, NOCT =46 °C £ 2 °C, voltage temperature coefficient
b = —0.32%/K, current temperature coefficient a = 0.05%/K. Estimated parameters of
incremental resistance at STC: Ry = 0.361 (), Lip=85A,1,= 1.747-107°, A = 0.601 VL.

Inverter output filter: L;;,, =2 mH, Ly = 1.2 mH, Cy= 0.5 uF, Ry =5 Q). Capacitor at PV
output: Cpy = 15 uF. Boost converter inductor: Lyyes = 3.6 mH. Boost converter capacitor:
Cjc = 8 uF. Switching frequency 16 kHz.

Distribution system 1: Supply source: f = 50 Hz, Eg = 400 V (line to line voltage),
distribution transformer: Rg = 0.067 (), Lg = 0.35 mH, line: R; = 0.26 Q), L; = 0.46 mH.

Linear load 1: 8 kW 3ph.

System 2: AC side filter: Lj;o = 1.6 mH, Lgp = 0.96 mH, Cp =1 pF, Rp =3 Q. DC
side capacitor: Cpcy = 0.6 mF. Switching frequency: 20 kHz. DC load: 9.2 kW. DC voltage:
830 V.

Distribution system 2: Supply source: f =50 Hz, E5 =400 V (line to line voltage), distri-
bution transformer: Rg = 0.067 ), Lg = 0.35 mH, line segment 1: R; =0.14 3, L; = 0.26 mH,
line segment 2: R, =0.14 (), L, = 0.26 mH, line segment 3: R3 =0.12 (), L3 = 0.2 mH.

Linear load 2: 6.5 kW, 3 kVar 3ph.

Note: All resistance, inductance and capacitance values on the AC side correspond to
per phase values.
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Appendix C

Indices for distortion assessment based on power components, according to [40], are
determined as follows. The voltage and the current at the terminals of a network element are
assumed to contain the fundamental and a harmonic of order k. Each current harmonic is
decomposed into components in phase and in quadrature with the corresponding voltage
harmonic. The voltage and the current are represented by vectors u and i in a four-
dimensional vector space spanned by the basis vectors ey, e;, e3, e4. More specifically,

u = Uje; + Uyes (A14)

i = Ij cos p1e; + I sin pe; + I cos gres + I sin pyey (A15)

where U; and I; are the rms values of the i-th harmonic component of the voltage and the
current, respectively, and ¢; is their phase difference, with i = 1, k. Then, the GMC bivector
is defined as follows.

By = (Paiik — Paki)ers + Qunikeis + Quir ez (Al6)

where Pp;; = U;ljcosg;, Qppij = Uiljsing;, i =1, kand j = 1, k. The components of this bivector
result from the rms values of voltage and current and their phase difference, at every
harmonic, at the terminals under consideration. Furthermore, terms e13, e14, 3, are unit
bivectors, representing unique directions in the geometric algebra space generated by the
four-dimensional vector space that was used for the representation of the voltage and the
current. The components of Equation (A16) comprising these unit bivectors cannot be
algebraically added, just like the active and reactive power components of the complex
power in circuits with sinusoidal waveforms.

When multiple harmonics are present in the circuit instead of the single pair considered
in Equations (A14)—-(A16), then all possible harmonic pairs have to be taken into account.
Each additional harmonic in the current and/or the voltage adds two more dimensions
to the vector space, and the associated geometric algebra space is augmented accordingly.
The complete bivector By can then be calculated as the sum of N bivectors in the form of
Equation (A16) resulting from the N pairs of harmonics present in the circuit.

When a larger network is being examined, the bivectors at the terminals of each
individual network element can be calculated according to Equation (A16) and, in addition,
these bivectors can also be correlated with the bivector at a specific point of interest, such
as the point of connection of the network to the distribution grid. The contribution of each
individual element can thus be assessed. More specifically, in order to correlate bivector
By of a network element x with bivector By, at the network terminals, By, is expressed
as follows:

Bumy = [(Pumx,1k — Prxk1)e13 + Qumxixe1a + Qnixkr€32] Ry (A17)

where R, is associated with the phase angle difference between the voltage at the reference
terminals and the voltage at the terminals of element x. It can be calculated as follows:

Ry = cos 0y, cos 0, + cos Oy 1 sin 0, ye34 +sin 0y 1 cos 0, yeqp +sin b, 1 sin 0, rejpezs (Al8)

where 0, ; denotes the phase difference between the i-th component of the voltage at the
reference terminals and the voltage at the terminals of element x. If there are multiple
harmonics present, then more of these multivectors have to be derived, one for each possible
harmonics pair.
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The multivector is a conservative quantity; therefore, if there are n elements in the
network, irrespective of the way they are connected, then for the bivector By, at the network
terminals it can be written that

By =) By (A19)
n

Each of the individual element bivectors in Equation (A19) has its own magnitude, direction
and sense. They counteract each other in every other direction but the direction of By,.
Bivector By, of element x can thus be decomposed into a component contributing to By
and a component not contributing to By. The former is denoted as Byy, and the latter
as Bpjyr. The sum of By, components equals By, whereas the sum of By, equals zero.
Component By, is associated with exchanges among network elements. Furthermore,
component By, can be expressed as

BMxp = bvxBm (A20)
where by, is a signed scalar coefficient given by

+
by = L2MPAo (a2)
By

In Equation (A21), <B MxB;rVI> o denotes the scalar part of the geometric product B MxB;rW Bum
the magnitude of By, and B}VI = —Bpy. Component By, has the same direction as By,
and magnitude and sense given by by, Bpr. The latter is denoted in this paper as By p.

A special grouping of bivectorial terms was proposed in [40], depending on the profile
of harmonic pollution. In particular, bivector By, can be decomposed as follows:

By = By + Bk (A22)

where By, contains all terms of By, that exclusively involve low-order harmonics and By,
contains terms that involve at least one supraharmonic. In this case, two distinct coefficients
can be derived, i.e., by and bpgpy-
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