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Abstract: The implementation of a dual electric system that is capable of operating with either
constant current and variable voltage, or constant voltage and variable current appliances, is one of
the possible options to solve low-intensity stochastic energy utilization problems from renewable
energy sources. This research paper analyzes the potential benefit of a novel three-phase dual
system power inverter over the conventional inverter used in a solar power plant. The concept of
such a power inverter is explained, and the digital twin model is created in a MATLAB Simulink
environment. The efficiency characteristic of the simulated inverter is compared to the efficiency
characteristic of a real conventional inverter. A standalone data logging system and an additional
data acquisition system were used to collect and process data from the real inverter. Comparison of
the digital twin inverter and the real conventional inverter shows the potential benefit of this novel

check for inverter technology. It is shown that the novel inverter can operate in a wider range of DC input

updates power. The potential economic benefit is also presented and discussed in the paper.
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o8 o During the energy transition [1,2] of recent decades, special attention has been paid

Academic Editor: Nicu Bizon to energy production from renewable energy sources [3]. The production of electricity
using solar energy has gained great acceleration. In developing countries and off-grid
areas, photovoltaic (PV) power plants are sometimes the main or the only energy source [4].
Operating in a standalone mode with electrochemical batteries, off-grid PV systems en-
sure power supply to consumers who use electricity for cooking [5], water heating [6]
or lighting [7]. Furthermore, PV plants increase fuel savings when operating in parallel
with standalone biofuel [8] or diesel [9] power plants. The solar energy sector is growing
particularly rapidly in developed countries [10], in order to reduce the impact of human
activities on climate change [11].

The largest PV parks that were installed before the year 2021 exceeded the installed
capacity of 2 GW. The largest installations in the world are Bhadla Solar Park, India
(2245 MWp); Huanghe Hydropower Hainan Solar Park, China (2200 MWp); and Pvagada
Solar Park, India (2050 MWp) [12]. In 2020, the global cumulative capacity of solar PV
This article is an open access article ~ Plants was recorded at 707 495 MW [13]. PV plants produced 856 TWh of electricity in 2020,
distributed under the terms and ~ Which represented 11.5% of the total electricity produced by renewable energy sources
conditions of the Creative Commons ~ (RES), including hydropower. During the last decade, the total installed capacity of RES
Attribution (CC BY) license (https:// ~ worldwide increased 17.6 times (40,129 MWh in 2010) and electricity production increased
creativecommons.org/licenses /by / 25 times (the PV share in total RES energy production was only 0.8% in 2010) [14]. The
40/). above indicators are related to the photovoltaic and power electronics technology becoming
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cheaper; the average prices of solar PV modules were 106.09 USD/W in 1976, 2.4 USD/W
in 2010 and only 0.38 USD/W in 2019 [15].

Although photovoltaic energy might seem to be a very attractive solution to help
limit climate change, the use of RES also faces challenges: energy production depends on
environmental conditions and the time of day [16]; there is a need for power balancing [17];
and there are issues of quality, stability, and reliability of the power supply [18]. How to
increase the efficiency of solar photovoltaic systems is a highly researched topic.

The efficiency of the PV system depends on the efficiency of its individual compo-
nents: the module [19], the arrangement of the DC network [20], the performance of the
optimizer [21], and the DC-AC inverter [22]. In large-scale applications, the design of the
AC electricity network containing AC cables and power transformers should be taken into
account in order to evaluate the efficiency of all PV power plants.

PV cells are the lowest efficiency components in the PV system. The efficiency of cells
used in PV power plants ranges from 16% (poly passivated emitter and rear cell technology,
or poly PERC) to 23% (interdigitated back contact, or IBC cells, and heterojunction, or HJT
cells), and the efficiency range of modern PV modules reaches 21.6-21.8% [23]. The declared
efficiency is specified at 25 °C and 1000 W /m? irradiance. The actual efficiency of a PV cell
is highly dependent on environmental conditions [24]. Shading, temperature differences
between PV modules, and manufacturing tolerance can cause a 5-7% [25] decrease in
solar array efficiency due to the mismatch in the current-voltage characteristics [26] of PV
modules. Much research is being done on the development of maximum power point
tracking (MPPT) methods for PV systems to minimize mismatched power loss. Researchers
have compared existing MTTP control methods [27] and some have improved or suggested
novel methods that are better in terms of tracking time and accuracy [28] or that increase
the PV generation system efficiency in a wider solar irradiation condition [29]. The authors
in [30] have summarized 62 MTTP algorithms and identified the three most commonly
used algorithms. The authors of [31] have reviewed 50 MPPT methods and highlighted
the pros and cons of each method. It was stated that choosing an optimal MPPT method
depends on the specified application.

Power losses in a DC network of the PV system usually do not exceed 1%. The high
efficiency of the DC network is achieved by choosing the right size of the power cables that
couple PV arrays. Good practice is to choose AC power cables between the inverter and
the electricity meter so that ohmic power losses do not exceed 1% on the AC side as well.

The evaluation criteria for an inverter are efficiency, reliability, durability, power
quality, and price [32]. There are many inverter topologies, but the two main types that are
used in PV systems can be distinguished: single-stage and multistage. In microgrids, where
the inverter is the main source of electricity, higher requirements for the power quality of
the inverter exist; therefore, multistage topologies are more often used there. Because these
inverters have more components, they are more expensive and less energy efficient. In
small-scale on-grid applications, the topology of on-grid inverters is typically implemented
in two stages [33], thus selecting the optimal ratio of efficiency to power quality.

Research related to the development of inverter technologies covers various areas
for their improvement. For example, it was proposed by the authors of [34] that using
the resonant DC-link soft switching method may increase the efficiency and reliability of
the inverter. The authors claim that the DC-link soft switching losses can be limited to
50% of the total hard switching losses compared to the conventional inverter. In [35], it
was proposed to increase the reliability and durability of a three-phase grid-connected PV
inverter by replacing electrolytic capacitors with small film capacitors. The authors argued
that this modification would only slightly increase the voltage ripple on the DC bus.

The main selection criterion for an on-grid inverter is its efficiency [36]. The efficiency
of an inverter that converts the DC current to the AC current is typically 95-98% [37].
However, it should be mentioned that such efficiency is achieved when the inverter is
operating at more than about 20% of the rated capacity. As the solar power plant generates
less power, the efficiency of the inverter is significantly reduced. The latter problem is
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analyzed in [38], where the authors of the work studied boost converter topologies and
sought to achieve higher energy conversion efficiency under different PV conditions, by
using DC-DC boost converters. The efficient utilization of both low and high intensity
of the solar energy is problematic, which requires a complex control system to maintain
high efficiency in the power inverter [39]. Recent studies show that the application of
highly efficient H bridge, flyback structure inverters with integrated computing methods
for power inverter control, such as artificial intelligence or fuzzy logic control methods,
require highly expensive computing resources, which significantly increases the cost of
the overall system [40]. The results of previous research demonstrated that low and high
energy intensity can be utilized very efficiently by using a three-phase dual system power
inverter with an incorporated, cost effective, low frequency control system [39]. Although
part of the structure of the developed DSP1 is similar to the structure of the current source
inverter, such an inverter operates at a completely different regime and has a significantly
simpler structure. The electrical power based on the voltage electric system is supplied
from a renewable energy resource to the input of the DSPI and converted to the electrical
power on the basis of the current electric system. Moreover, the specific interconnection
of the highly efficient energy storage device to the DSPI operating with a high frequency
switching regime enables significantly higher stability of the output parameters and its
quality at different three phase load operating regimes. Furthermore, the application of
the DSPI in the power conversion system of the solar power plant leads to major benefits
related to the avoidance of the incorporation of the DC/DC buck converter. Avoidance of
the additional converter enables higher efficiency, potentially reduces cost effectiveness,
and increases potential reliability of the overall power conversion system.

Research and experimental results of the three-phase dual system power inverter
demonstrated that the highly variable intensity of renewable energy can be converted to
conventional power grid parameters and the efficiency of such inverters varied up to 98.9%.
This paper will demonstrate the economic cost-benefit analysis of the solar power conver-
sion system with integrated conventional and three-phase dual-system power inverter.

2. Three-Phase On-Grid PV Power Inverter Based on Dual System Concept
2.1. Discussion of Phenomena of Dual Electric Systems

Two types of electric power sources can be found in electric engineering theory [40].
The nature of the power source defines which parameter (voltage or current) is constant.
For example, if the voltage is constant and the current is variable, such systems are defined
as the voltage electric systems, and vice-versa; if the current is constant and the voltage is
variable, such systems are defined as the current electric systems [41].

The electric systems of the voltage are mainly used in the electrical networks. The
effectiveness, performance and usage capabilities of electric power technologies depend
greatly on the characteristics of such electrical power systems. The fundamental features,
and patterns of the functioning have significant difference. The voltage and current dual
electric systems supplement each other and enable highly performing operation and so-
phisticated operation of the devices, and reveal wider possibilities for their application.
The area of photovoltaics is one of the most widely developed renewable generation areas
in current integrated electric power technologies. A p-n junction photovoltaic element is
a current source. It converts solar energy to direct current (DC) electric power, for which
the dominating pattern is based on the current electric system. Following prospective
technology, which has current electric source pattern of the DC electric power, is a nuclear
fusion generator. Gamma radiation of the nuclear energy is converted directly to direct
current electric system power [42]. Moreover, the current electric system is used in other
prospective and modern technologies, such as solid-state lasers, illumination, electrother-
mal metal welding, and irradiation of gas discharge lamp equipment [43]. Such advanced
power conversion systems are applied as current sources for most of the technologies
indicated above.



Energies 2022, 15, 161

4 of 14

The conversion of the voltage electric system electric power to a current electric system
electric power is applied in the above indicated devices. Voltage and current electric power
systems can be combined with each other into a single piece of equipment and can create a
dual electric system. The application of such a system enables efficient power utilization of
renewable energy technologies.

2.2. The Structure of a Three-Phase Dual System Power Inverter

The electrical diagram of the three-phase dual system power inverter (DSPI) is pre-
sented in Figure 1. DSPI consists of: semiconducting elements D1—-Dg and Th;-Thg; active
and reactive circuit elements Lx;—-Lxs, Co1, Cop, Cx1—Cxks; electricity network (EG) with
internal resistances R1—R3; and voltage sources E;—E3. The DC/DC buck converter is not
incorporated for a power conversion system and is not necessary for a power conversion
system of a solar power plant. Such avoidance of the additional converter enables higher
efficiency, potentially increases cost effectiveness, and increases the potential reliability of
the overall power conversion system.
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Figure 1. Dual system, three-phase power inverter diagram (DSPI—the dual system three-phase
power inverter, EG—electricity grid, PWM—pulse with modulator).

An experimental prototype [39] was built to verify the phenomena of efficient opera-
tion of the dual electric system phenomena. MATLAB software was used to create a digital
twin of a DSPI and to analyze the energy conversion processes. Such a digital twin model
easily enables one to analyze the required scale DSPI with different sets of input and output
electrical parameters and investigate approaches to its operation optimization.

The structure of the digital twin model of the solar power plant with DSPI is shown
in Figure 2. There are five main model blocks: PV array, three-phase dual system power
inverter DSPI, electricity network, controlled switches K1 and K4. The semiconducting
components of the DSPI are controlled by a basic pulse width modulation PWM. The
complex control system with PID controllers for resolving PWM control algorithms is not
required; therefore, it could reduce the costs of such system and simplify the maintenance.

2.3. Validation of the Digital Twin Model of the DSPI Operation

Previous research of the simulated and experimental dual system power inverter
confirmed the potentially efficient conversion of electric power and the highly efficient
utilization of low-intensity renewable energy [39,40]. Moreover, the incorporation of the
DSPL in the renewable power conversion system could potentially enable deployment of the
non-complex control system of the DSPI and avoid the integration of the additional DC/DC
converter. The research results of the experimental and digital twin models confirmed that
when the DSPI system is applied, filter systems can be simplified and the quality of the
electric power system under grid and off-grid operating conditions can be improved [39,40].



Energies 2022, 15, 161 5o0f 14

This basis led to research on the potential economic benefits of integrating the DSPI in a
small power PV plant.

Current electric system
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Figure 2. The digital twin of the DSPI developed in the MATLAB Simulink environment.

The simulation of the digital twin model with incorporated DSPI was performed in
MATLAB software. The simulation model of the DSPI was scaled to 17 kVA of rated power,
which was adequate for the scale of the experimental solar power plant. The research results
are presented in Figure 3, which shows the reference characteristic of the phase current Ioc
versus the AC output power Pac supplied by DSPI to the power grid, Iac = f(Pac)- The
reference characteristic shows that the current [gg deviates by a maximum of 6% when the
power Pgg varies from 0 to 1 p.u.

0.95

Current (p.u.)

09r

0.85 [

0.8

0 0.1 02 03 04 05 06 07 08 09 1
Power (p.u.)

Figure 3. Dependence of the phase current I5c supplied by DSPI to the power grid versus the power
Pac supplied by DSPI to the power grid.

Such a high permanence of the current [5c at highly variating of the output Pac caused
by variation in electric power generated by the PV array confirms the phenomena that the
DSPT has a pattern of the dual electric power systems concept. The DSPI converts electrical
power from a DC voltage electric power system with random variation (U = const.; I = var.)
to a three-phase electric system (I = const.; U = var.) of the AC power and delivers it to the
electricity network.

3. Inverter Efficiency Evaluation Methodology

Inverter efficiency # is expressed as the ratio of the output active power Pac in the AC
circuit and the input power Ppc in the DC circuit of the inverter:

_ Pac
Ppc

M
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The efficiency of a three-phase inverter, whose input contains several DC strings, can
be expressed as:

Y2 (IAC,iVAC, £iP Fi)
Y1 (IpcjVoe j)

where Ioc i, Vac,i and PF; are phase-to-ground AC voltage, AC current, and power factor
of the i-th phase; Ipc,j and Vpc j are DC current and DC voltage of the j-th string; and 7 is
the number of strings.

Inverter efficiency depends on the load of the inverter, and the function describing
the characteristic of efficiency versus output power is non-linear. The characteristic can be
evaluated if the AC power output and DC power input values are known. The shape of
the inverter efficiency characteristic for the entire range of the inverter operation is rather
complex. The authors of this paper suggest an approximation based on the following
empirical expression:

n= , ()

ﬂ:f(PAC):ﬂ(PM:b_‘_C)dg'eXP(h‘PACk} 3)

where a, b, ¢, d, g, h, and k are the coefficients of the approximation curve.

In Section 5, it is shown that the suggested equation effectively approximates the curve
of the PV inverter efficiency.

When the efficiency characteristics of the reference inverter and the digital twin
inverter are known, the AC output power profiles of both inverters can be compared in
order to analyze the difference in energy transferred to the electricity network. The potential
annual AC output power profile of the DSPI is calculated according to the algorithm
presented in Figure 4.

Measured annual AC output
power data Pac,ref Of the
reference inverter

!

Annual DC input power data Pocref
of the reference inverter:

Ppcret = PAC,ref/r]rcf

!

Annual DC input power data Pocsim
of the digital twin inverter:

Ppcsim = Ppcret

!

Annual AC output power data Pacsim
of the digital twin inverter:

Pac,sim = Ppcsim * Msim

Simulated annual AC output power
data Pac,sim of the digital twin
inverter are used for evaluation of
DSPI efficiency analysis

Figure 4. Algorithm for calculating the output power of the DSPIL.
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4. Experimental Evaluation of the Reference Inverter Efficiency
4.1. Experimental Equipment

The efficiency characteristics of the digital twin model of the DSPI were compared
with the characteristics of a real inverter installed in a real solar power plant, later called
a reference solar power plant. The 17 kVA installed capacity reference solar power plant
consists of 36 photovoltaic modules connected in two parallel strings and a SolarEdge
SE17K type inverter. The inverter is equipped with an integrated MPPT system, which
enables steady DC side input voltage in the range from 745 V to 750 V. The outgoing clamps
(AC side) of the inverter are connected to the electricity distribution network, and the rated
voltage is 0.4 kV. The inverter is equipped with a data logging system which records the
AC output line currents, line-to-line voltages, frequency, active and reactive power, power
factor, and DC input voltage. The recorded and processed data are stored in a cloud with a
5 min time resolution. The absence of DC current input data in the existing data logging
system makes it impossible to evaluate the efficiency of the inverter, thus additional data
acquisition equipment was installed to record DC current and determine the efficiency of
the inverter in various operating modes.

The functional diagram of the experimental equipment used to evaluate inverter
efficiency is presented in Figure 5. A measurement system (CS), based on BECKHOFF
Industrial PC C6015, was used for inverter efficiency evaluation. The DC input power
and the AC output power of the inverter (INV), were calculated from the voltage and
current measurements at the points A1 and A2. At the DC input, currents of two strings
and voltage were measured by EL3702 modules, which performed the function of a current
converter and a voltage divider. At the AC output, the module EL3443 equipped with
current transformers was used to measure RMS currents and phase-to-ground voltages of
three phases, as well as power factor values. All parameters were recorded simultaneously,
with the sampling step of 20 ms and downsampled to 1 min time step obtained by averaging
the recorded data. The DC parameters were recorded with 16 bit resolution, and the AC
parameters were recorded with 32 bit resolution.

A1 INV A2
PV array | DC AC] Eriitwnc(;iy
Data acquisition system e Energy

—— Information

Figure 5. The measurement structure of the electrical parameters for the inverter (INV—inverter, A1—
measuring point of DC electrical parameters, A2—measuring point of AC electrical parameters. Black
blocks represent electrical equipment and stationary data recording system; blue blocks represent the
installed data acquisition system for inverter efficiency evaluation).

4.2. Characteristic of Recorded Data

The data recorded during a one year period, from 1 June 2020 to 31 May 2021, were
used to investigate the characteristics of the reference solar power plant. The power
generated by the solar plant is equal to the AC output power of the inverter. The annual
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power profile in a 3D view is presented in Figure 6a. The data in the figure have been
rearranged to show the change from January to December. The power is presented in per
units (p.u.), based on the installed capacity of the inverter—17 kW. Analysis shows that the
solar power plant generated the highest amount of power from March to October, from
10 a.m. to 5 p.m. Peak power of 0.940 p.u. or 15.98 kW, accounting for 5 min resolution and
0.834 p.u. or 14.18 kW, was recorded in May; zero generation was observed in February.
The latter phenomenon was caused by the low intensity of solar energy and the PV array
being covered by snow.

25

r T T T
I 5 min resolution
[ 1 hour resolution

0 01 02 03 04 05 06 07 08 09 1
Months Power (p.u.)

(a) (b)

Figure 6. 3D power profile of the reference solar power plant (a) and distribution of annual energy

versus AC output power (b).

The solar power plant produced 14,406 kWh in one year. The distribution of energy
produced by the solar power plant at different values of AC output power is presented
in Figure 6b. Analysis of 5 min resolution data shows that the highest amount of energy
was produced at the output power of 0.7-0.75 p.u. However, averaging the data to 1 h
resolution provides a different shape of energy distribution. Accounting for 1 h resolution,
this shows that the highest amount of energy per hour is produced at output power of
0.5-0.7 p.u.

To evaluate the efficiency characteristics of the reference inverter, additional measure-
ment equipment described in Section 4.1 was used. The electrical parameters of the DC
input and AC output of the inverter were recorded from March to July 2021. Although
the data sampling step of the measuring system was 20 ms, the data of DC currents and
voltages and AC RMS currents, RMS voltages and power factors were recorded with 1 min
time resolution. The measured data allowed us to calculate the DC input and AC output
powers of the inverter and the amount of electrical energy supplied to the electricity net-
work by the inverter at different load levels. Profile examples of the inverter DC input
power and AC output power, as well as the calculated efficiency, are shown in Figure 7.

Additional analysis of the results shows that, with an input power of less than 1% of the
maximum inverter power (<170 W), the inverter energy efficiency decreases significantly,
as the inverter control circuit cannot provide the MPPT function. With an input power of
less than 0.5% of the maximum inverter power (<85 W), the evaluation of inverter efficiency
is no longer coherent, as the inverter and its control circuits operate in transient modes
(transition to standby, wake-up, ‘capture’ of MPPT, etc.).
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Figure 7. Examples of the recorded profiles of the reference inverter input DC power, output AC
power and efficiency during three days with different cloud conditions: (a) 16 July 2021 (b) 17 July
2021 (c) 18 July 2021.

5. Results and Discussion Regarding Efficiency of the Dual System Power Inverter
5.1. Evaluation of the Inverter Efficiency Characteristic

The efficiency characteristics of the reference inverter and the DSPI digital twin are
evaluated by approximation of the measured and simulated data. The approximate char-
acteristic of the efficiency versus AC output power of the reference inverter is presented
in Figure 8a and the characteristic of the DSPI digital twin is presented in Figure 8b. The
characteristics were approximated according to the empirical Equation (3), and the defined
coefficients of the equation are listed in Table 1. The quality of the approximated character-
istic is evaluated by three metrics—sum square error (SSE), R-square (R?) and root mean
square error (RMSE)—which show that the suggested empirical equation provides high
precision (Table 2) to the PV inverter efficiency curve. The characteristics of the reference
inverter and the DSPI digital twin are visually compared in Figure 8c.

1 1 1
*  Simulated
st T Weaed || 09 _ osl Reference Invertr
Approximated DSPI digital twin

0.8 1 08 0.8 [

0.7 07 0.7
5 I S
a 0.6 a 06 s 0.6
) 3 >
Sos 1 Sos Sos
o kil 5}
] 3] 5]
£ 04 q £ 04 &£ 04
] ] ]

0.3 q 03 0.3

0.2 0.2 0.2

0.1 01 0.1

0 0 0
0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
AC Power (p.u.) AC Power (p.u.) AC Power (p.u.)
(@) (b) (©)

Figure 8. Efficiency characteristics of the reference inverter (a), the DSPI digital twin model (b), and
comparison of them (c).

Table 1. Coefficients of the approximation of the inverter efficiency curves according to Equation (3).

Coefficient Reference Inverter Modelled Inverter

a 0.9739 1.088

b 0.003431 0.09944

c 0.003613 0.0000894

d 1.03 0.09316

g 0.01131 0.851

h 3.027 1283

k 2.373 1.866
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Table 2. Parameters of the approximation characteristics of the power efficiency.
Parameter Reference Inverter Modelled Inverter
SSE 0.03098 0.0001942
R? 0.9975 0.9999
RMSE 0.002855 0.004926

The DSPI digital twin can operate in a wide range of the AC output power, from 0 to
1 p.u., meanwhile the reference inverter starts generating only when Pc exceeds 0.0037
p-u. The weighted efficiency of the reference inverter and the DSPI digital twin is evaluated
according to the Euro efficiency [44] and the CEC efficiency method of the California Energy
Commission [45]:

fEUR = 0.03%(0.05) + 0.067(0.10) + 0.13%(0.20) + 0.15(0.30) + 0.45%(0.50) + 0.207(1.00), )
ncee = 0.0477(0.10) + 0.05%(0.20) 4 0.1277(0.30) + 0.2177(0.50) + 0.5377(0.75) 4 0.057(1.00). ®)

The weighted efficiency values are listed in Table 3. In both cases, the efficiency of the
DSPI digital twin is higher by 0.22-0.27 percent.

Table 3. Weighted efficiency evaluation of the reference inverter and DSPI digital twin.

Parameter HEUR 1CEC
Reference inverter 0.9687 0.9788
Modelled inverter 0.9709 0.9815

Difference 0.0022 0.0027

5.2. Evaluation of Potential Economic Benefit of the DSPI Inverer

Higher efficiency and wider range of operation of the DSPI inverter lead to increased
energy production by the solar power plant with the same PV array. The difference in
annual power profiles of the DSPI digital twin and the reference inverter is presented in a
3D view in Figure 9. The benefit of the DSPI inverter can be observed during a wide range
of the day.

Difference in Power (%)

DecNov OCLS
PAug Jul

Months Markep, 0?2 ) Hours
Figure 9. 3D power difference profile of the DSPI digital twin and the reference inverter.

When considering the efficiency of the DSPI inverter, several profile zones need to be
distinguished. The effect of higher efficiency is observed when the DSPI is operating at
more than 4% power. This mode is predominant from March to October and is typical from
8 a.m. to 4 p.m. in the summer months. In addition, the advantage of the DSPI is observed
at a relatively low intensity of the solar energy in the early morning and late evening hours
when the reference inverter is not operational. In addition, during winter months, for
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example, in February, when the reference inverter did not generate electricity, the DSPI
inverter may show its advantage (this situation is illustrated by the red peaks in February
in Figure 9). However, when the solar power plant operates at a low power of 0.37-4%, the
reference inverter is superior and can transmit more power in particular hours.

The potential benefit of the DSPI inverter was evaluated by accounting for energy
market prices. The data used in the analysis were the hourly prices of the NordPool
spot market (Elspot) over a period of time [46]. Historical hourly prices are presented in
Figure 10a. The figure shows that prices are volatile, and in a time period from 2020 to 2021,
the price increased almost by 50%, indicating that in the 2020 summer, the average market
prices were significantly lower than in the 2021 winter. The box plot in Figure 10b shows
that higher electricity prices prevail during the daytime period and the higher efficiency of
the DSPI inverter may provide economic benefit.
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Figure 10. NordPool spot market prices: (a) annual profile (the red line shows the average price
value); (b) day profile.

The correlation between the potential revenue of the DSPI inverter and the difference
in energy transferred by the DSPI and the reference inverter is shown in Figure 11. The
DSPI inverter is seen to provide additional revenue for many hours.

0.03

0.025
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0015 : B

Revenue (Eur)
o
<

0.005

-0.005

-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
Difference in Energy (kWh)

Figure 11. Revenue of the DSPI inverter versus the difference in energy transferred to the electricity
network (the red line is a trend line of dispersed data).
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The analysis clearly demonstrates the positive revenue of the DSPI from February to
November, by utilizing solar energy and converting more electrical energy by up to 0.17%
and earning an up to 0.18% larger amount of the revenue, instead of incorporating the
reference inverter (Figure 12). Research demonstrates that usage of the DSPI inverter can
increase the yearly revenue by 0.9259% in a given year. Further economic research that
accounts for the cost of inverter manufacturing and the forecast of electricity prices, as well
as different tariff policies, should be done to more accurately assess the economic effect of
the proposed DSPI inverter.

0.18

I Energy
0.16 [ Revenue | |

0.14 |

0.12

0.1

0.08

Difference (%)

0.06

0.04

0.02

-0.02
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Months

Figure 12. The difference of the converted electric power and revenue between the reference inverter
and DSPI digital twin for a 1 year period.

6. Conclusions

The research results regarding the potential economic benefit of the incorporation of
the three-phase dual system power inverter applied in the experimental solar power plant,
confirm the potential positive impact on solar power conversion efficiency and annual
electrical energy generation. Substituting the conventional inverter, with the advanced
inverter based on combination of the dual electric system, enables a 0.911% increase in
annual electrical energy generation. Particularly, the application of the dual system power
inverter in the solar power plant potentially enables significantly higher utilization of the
low solar energy intensity as well as a potential economic benefit. The research results show
that when the solar power plant operates at low power which is less than 0.37% and higher
than 4% of its rated power, the dual system power inverter is superior and can transmit
more power in particular hours.

Further, experimental research is envisaged of the operation of the three-phase dual
system power inverter, which would relate to the optimization of the control system for
different connected load conditions in on-grid and off-grid operation regimes.
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