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ABSTRACT Efficiency indices for inverters have been developed with the increasing adoption of
photovoltaic (PV) systems. The European and Californian efficiencies are widely recognized, focusing on
static inverter operation. Standards such as EN50530 and IEC 62891 introduced dynamic efficiency tests
considering irradiance variations, but without a methodology to weigh the efficiencies within a single index.
To address this gap, our study proposes a methodology to define an overall efficiency considering both
static and dynamic inverter operation. Irradiance data with sub-minute sampling is classified into irradiance
and irradiance derivative ranges. Then, weights for static and dynamic efficiency tests are obtained, and
less significant ones are discarded. The results were applied to three PV inverters tested in the laboratory.
By eliminating the less significant tests, the number of dynamic tests was reduced from 30 to 10. In two
of the inverters, the inclusion of dynamic tests resulted in a 2% reduction in overall efficiency compared
to the static. An overall efficiency index is relevant for better comparing different PV inverters, especially
when considering dynamic behaviors. This index may be significant for the PV market, governmental
energy efficiency programs, and inverter manufacturers, providing guidelines to enhance the efficiency of
their products.
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I. INTRODUCTION

With the increasing adoption of grid-connected photovoltaic
(PV) systems, indices have been created to evaluate and
compare the efficiency of inverters. The efficiency of PV
inverters can be divided into two stages: conversion effi-
ciency, which is the average power on the AC side divided
by the average power on the DC side; and MPPT efficiency,
which is the average DC side power divided by the maximum
average power that the PV array can provide [[1]] [2]] [3[]. The
conversion efficiency depends on multiple factors, mainly the
current operating power, dependent on solar irradiance, the
voltage of the photovoltaic array, and temperature. Mean-
while, MPPT efficiency depends on the behavior of the
MPPT algorithm during static and dynamic changes of solar
irradiance [3]]. The static MPPT efficiency focuses on the
inverter’s performance under constant solar irradiation and
temperature conditions [3]. On the other hand, the dynamic
MPPT efficiency is an indicator of the inverter’s ability to
quickly adjust to changes in solar irradiation [4].

Other important indices are the weighted efficiencies,
which offer a more realistic indication of how inverters
can perform throughout the day considering the inverter’s
performance across its entire capacity range. They were
created as a way to combine simplicity and accuracy in

measuring overall efficiency, without the need for an annual
system simulation using point-to-point inverter efficiency.
This facilitates the comparison between different models and
brands of inverters, allowing professionals and consumers to
make decisions for equipment selection, and also encour-
aging the advancement of inverter technology. The most
commonly used weighted efficiencies are Californian [5] 6]
and European [2], obtained during steady-state operation
of the inverter at various operating powers and at three
voltages on the DC side (minimum, maximum, and nominal).
The IEC 62891 [7] and EN50530 [2] technical standards
defined the processes for calculating weighted efficiencies
from experimental results of inverters. These standards also
included the calculation of dynamic efficiencies, which are
the average efficiencies calculated during power variations
of the inverter due to natural variations in irradiance due to
cloud passage and change in solar position.

With the inclusion of dynamic efficiencies in the stan-
dards, a new challenge arose: the complexity in interpreting
and comparing the multiple resulting numbers, without a
clear definition of how to weight them. This compromised
the original goal of weighted efficiencies, which was to
provide a single measure of the overall efficiency of inverters.
In order to compare the efficiency of different models and
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brands of inverters, it is important to have a single index
of overall efficiency, weighting both static and dynamic
efficiencies.

This paper aims to overcome the ambiguity resulting from
multiple indices by proposing a methodology for weighting
static efficiencies (Californian or European) with dynamic
MPPT efficiencies and obtaining a single overall efficiency
index. The weightings for dynamic efficiency are obtained
from the analysis of high-frequency irradiance data. The
results of dynamic efficiency tests required in the IEC 62891
and EN50530 standards are weighted after analyzing the
frequency distribution of the irradiance derivative. Through
data analysis, it is possible to identify the tests that most
impact overall efficiency.

The proposed methodology for defining the overall effi-
ciency of PV inverters, considering both static and dynamic
analysis, is important for enabling direct comparisons among
various inverter models, thus becoming a reference for the
PV market. Moreover, through the proposed methodology, it
was possible to reduce the total number of tests by excluding
those identified as less significant for calculating overall
efficiency, thereby saving time and laboratory resources.

The main contributions of this paper are:

1) Development of a Methodology for Weighting Static
and Dynamic Efficiencies: elaboration of an approach
for the evaluation of PV inverters, incorporating both
static and dynamic efficiencies. This methodology
takes into account the natural solar dynamics, pro-
viding a more comprehensive and realistic analysis of
inverter performance.

2) Definition of a Single Overall Efficiency Index:
establishment of a unified overall efficiency parameter
for PV inverters. This index, which weights both static
and dynamic efficiency, offers a tool for the PV market
compare different inverter models. This index can be
applied in governmental energy efficiency programs,
such as the Brazilian Labeling Program (Programa
Brasileiro de Etiquetagem - PBE) of the National
Institute of Metrology, Standardization, and Industrial
Quality INMETRO) [8]], to help consumers compare
different inverter brands and models. Static efficiency
tests are already mandatory in this program, but the
inclusion of dynamic tests would provide a more
meaningful index.

3) Reduction of Dynamic Efficiency Tests: determina-
tion of the most relevant dynamic efficiency tests on
the overall efficiency of PV inverters. This enables
the optimization of the testing process, reducing the
number of necessary tests and, consequently, saving
time and laboratory resources.

Il. PV INVERTER EFFICIENCY STANDARDS

This section details the test criteria established by the IEC
62891:2020 standards and the California CEC (Sandia Test
Protocol) for the evaluation of PV inverters. The tests cover
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FIGURE 1. Schematic of the test bench recommended by IEC 62891:2020.

functionality and conversion efficiency of the equipment.
Figure [1] illustrates the layout of the test bench according
to the standards, including the DC input, the AC output,
the Equipment Under Test (EUT) and the measurement
instruments (voltage, current, power, energy).

A. Static efficiency

The International Electrotechnical Commission (IEC) es-
tablished the IEC 61683 standard in 1999, marking the
beginning of guidelines for evaluating the energy efficiency
of PV inverters. The most updated version of this standard is
IEC 62891:2020. The main requirements set by the standard
are as follows:

Environmental Requirements: As specified by the man-
ufacturers, the measurement devices should operate under
defined environmental conditions. In IEC 61683, the EUT
is evaluated in a controlled ambient temperature of 25°C +
5°C, after the inverter reaches the steady state temperature at
the desired power. The CEC standard additionally includes
evaluations at an ambient temperature of 40°C.

Static Efficiency Test Variations: The tests cover up
to eight power levels (5%, 10%, 20%, 25%, 30%, 50%,
75%, and 100%) and 3 different DC input voltages: the
minimum voltage specified by the manufacturer, the nominal
input voltage, and an input voltage equivalent to 90% of the
maximum voltage. In total, 24 tests are conducted, with all
measurements performed after the inverter reaches steady
state.

Other Tests: The standard also includes other tests that
are not considered here for defining overall efficiency:

e No-Load Loss Test (IEC 61683 and CEC): measures
the power consumed by the EUT in no-load operation
on the AC side.

e Standby Loss Tests (IEC 61683 and CEC): assesses the
power consumed on the AC side when there is no power
input on the DC side.

e Maximum Continuous Output Power (CEC): deter-
mines the maximum power the EUT can continuously
provide for 180 minutes at an ambient temperature of
40°C.

Efficiency of a PV inverter in a given test condition can
be calculated by dividing the average output power by the
average input power. Alternatively, can be calculated by the
output energy divided by the input energy within a defined
period:
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The weighted efficiency for multiple power operation
points can be calculated by:

Nweighted = L5715 + F1om10 + Faon20 + Fosnos

+ F30m30 + F50m50 + Frsm75 + F1o0m100,
Where F), is the weight that reflect the proportion of energy
produced around % of nominal power, where the inverter
efficiency is 7,. The energy produced at each power range is
obtained through simulation, considering irradiance history
of the installation site 7] and the PV array with the same
inverter power. The Californian (CEC) and European (Euro)
efficiency coefficients are shown in Table [T}

@)

B. Dynamic Efficiency

In the dynamic efficiency tests outlined in IEC 62891, the
irradiance emulated in PV sources is changed in the form of
ramps, with slopes ranging from 0.5 W/m?/s to 100 W/m?/s.
These ramps are characterized by their ramp-up and ramp-
down times, as well as dwelling times for both the upper and
lower values. The tests can last from 10 to 38 minutes. Irra-
diance ramps simulate real variations in irradiance conditions
a PV inverter may face [9]]. The dynamic MPPT efficiencies
are calculated as shown in Equation |I| for the entire duration
of each test, considering W; the maximum energy the PV
generator could deliver for the simulated irradiance.

lll. METHODOLOGY

A. Irradiance Data Acquisition

Irradiance data needed to calculate the weighted efficiencies
are typically obtained through measurements with pyranome-
ters over the course of a typical year. To obtain these data
accurately, it is important to define two parameters: the
bandwidth (or time constant) of the pyranometer and the
sampling period.

Pyranometers can be classified into two main types: ther-
moelectric and photoelectric. Thermoelectric pyranometers
use a black surface to absorb radiation and convert it into
an electrical signal proportional to the heat, with a typical
bandwidth of 0.2 Hz [10]. On the other hand, photoelectric
pyranometers use photodiodes to absorb radiation, offering a
faster response and an absorption spectrum similar to photo-
voltaic modules [11]] [12]. These photoelectric pyranometers
have a typical bandwidth greater than 1 Hz for calibrated
photovoltaic cells [13]], and photodiode pyranometers can
achieve a bandwidth of 1 MHz [14].

TABLE 1. Weights of CEC and Euro Efficiencies.

Fy Fio Fao Fas F30 Fso Frs Fioo
CEC 0 004 005 O 0.12 0.21 0.53  0.05
Euro 003 006 0.13 0 0.1 048 0 0.2

1) Pyranometer bandwidth requirement

Fast dynamics of the pyranometer is important to measure
irradiance variations with low error. Considering a pyra-
nometer with a first-order transfer function between the
incident irradiance G;,. and the measured irradiance G,,:

 Gn(s) 1
GPZJT(S) - Gznc(s) - STpyr I 17 (3)

where 7, is the time constant of the pyranometer, which
is the inverse of its bandwidth in rad/s.

The static error e; between G;,. and the measured
irradiance G, for a ramp variation of the irradiance can
be calculated using the final value theorem:

1
lim eq(t) = gim SL (1 — SprrH) =TTpyr, (4)

t— 00 50 §2

where r is the ramp derivative, in W/m?/s.

The maximum considered irradiance derivative is » = 100
W/m?/s. Considering a maximum error of 10 W/m?, which
is 1% of the maximum of 1000 W/m2, the maximum time
constant of the pyranometer would be 0.1 s, which is a
bandwidth of 10 rad/s. This justifies the need of using
photoelectric pyranometers instead of thermoelectric pyra-
nometers, which have slower dynamics.

2) Irradiance sampling period

The definition of the sampling period depends on the char-
acterization of the triangular waveform used in the tests.
The minimum period of the triangular irradiance variation
considered for the dynamic tests is 60 s, so the fundamental
frequency would be 1/60 Hz. Triangular periodic functions
have odd harmonics different from zero. In order to capture
irradiance variations up to the 5th harmonic of this triangular
waveform, the minimum irradiance measurement frequency
would be two times 5/60 Hz, according to the Nyquist-
Shannon Theorem. So, the minimum measurement period
would be 6 s. A smaller sampling period would improve the
measurement. In this paper, the sampling period considered
is 1 s.

B. Calculation of weighting factors

The overall efficiency of the proposed method is calculated
by multiplying the efficiencies obtained at various operating
points by weighting factors:

MNtot = Z Z Fg,’ung,vv 5)
g v

where: g represents the irradiance range, with the objective
of identifying in which irradiance range there is a higher
probability of large irradiance steps occurring. For this
purpose, six ranges have been defined, where irradiance g
will be separated, equivalent to those used by the CEC [[15].
The irradiance ranges are defined as follows:
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Range A: 0 W/m? to 150 W/m?;
Range B: 150 W/m? to 250 W/m?;
Range C: 250 W/m? to 400 W/m?2;
Range D: 400 W/m? to 625 W/m?;
Range E: 625 W/m? to 875 W/m?;
Range F: greater than 875 W/m?2.

v is the irradiance variation range, separated into the
following 6 ranges:

Range I (static level): from 0 W/m?/s to 5 W/m?/s;
Range II: 5 W/m?/s to 15 W/m?/s;

Range III: 15 W/m?/s to 25 W/m?/s;

Range IV: 25 W/m?%/s to 35 W/m?/s;

Range V: 35 W/m?/s to 65 W/m?/s;

Range VI: greater than 65 W/m?/s.

7g,0 1s the average efficiency (MPPT and conversion) of
the inverter operating in irradiance range g and irradiance
variation range v.

Fy . is the weighting factor related to irradiance range g
and irradiance variation range v. The sum of the weighting
factors is 1:

Y Fpu=1 (6)
g v

The overall efficiency can be divided into static and
dynamic efficiency, considering only the range of irradiance
variation I for static efficiency, and ranges II to VI for
dynamic efficiency. The resulting equations are:

Z F, 17g.1
Tstat = M (7)
Zg ngl
Fyg ung,v
Ndyn = 292w Favlgw 8)

292w o fyeqr.. v

Equation [/| considers the percentage of low irradiance
derivative in the irradiance range, while equation [2] is more
suitable for calculating static efficiency when dynamics are
disregarded.

1) Irradiance correction for tilt and module temperature
The power output of PV modules depends on the angle of
incidence of the irradiance. Maximum power is achieved
when the irradiance is perpendicular to the module surface.
Irradiance data from the solarimetric station can be obtained
directly on the plane of the PV modules or only on the
horizontal plane (Global Horizontal Irradiance - GHI). When
obtained on the horizontal plane, it is necessary to convert
the data to the irradiance incident on the inclined plane,
considering a PV system with fixed orientation [[16].
However, just converting the irradiance to the inclined
plane is not enough to estimate the power output of the
PV array. The power of silicon modules reduce as the
temperature increases. The temperature of the module T,
can be estimated with the following equation, which depends

on the incident irradiance on the inclined plane G;,,. and the
ambient temperature 7y, [16]:

Tov = 0.943 - Typmp + 0.028 - G + 4.3. C))

From T, the equivalent irradiance G, can be esti-
mated as if the module were always at 25°C [[17]]:
Gcorr = Ginc : (1 - va : (TP'U -

25)), (10)

where K, is the power reduction constant of the PV
module, in p.u./°C.

This temperature-corrected irradiance, although not real,
becomes proportional to the power generated by the photo-
voltaic array. This corrected irradiance is used for calculating
the weights of the overall efficiency of photovoltaic inverters.
This irradiance correction model can be applied to any PV
module technology, where the solar energy is almost entirely
absorbed by the module and predominantly converted into
thermal energy.

2) Weighting factors for irradiance ranges

The weighting factors Fj, are calculated for 6 irradi-
ance ranges and 6 irradiance variation ranges, where g €
(A,B,C,D,E, F) and v € (I, II, III, IV, V, VI). First, the
weighting factor k4 for each irradiance range g is obtained.
Two approaches can be considered:

1) Considering usual efficiencies such as CEC and Euro:
using the factors of Table [I] for the irradiance ranges.
This approach is the one used in the results of Section
considering the CEC efficiency.

2) Considering measurement data: in this case, the
weights can be calculated using the corrected irradi-
ance:

kg - Z Gcorr,g

= S G an

where:

>~ Georr 18 the sum of the corrected irradiance points over
the entire measurement year;

> Georr,g is the sum of the corrected irradiance points
over the measurement year that falls within the irradiance
range ¢;

ng:g =1,forge (A, B, C D,E,F).

3) Weighting factors within each irradiance range
For each irradiance range g, the factor &, is calculated:

Z Gcorr,g,v

kg,v = G )
Z corr,g

(12)
where:

> Gcorr,g,0 18 the sum of the corrected irradiance points
within range g over the measurement year that change within
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FIGURE 2. Example test map.

the irradiance variation range v, taking into account adjacent
sample points;
Zv kg, =1, for a given g and v € (I, II, IIL, IV, V, VD).
Then, the weighting factor F} , is calculated by:

Fow = kguky. (13)

Finally, it is proposed to eliminate the weighting factors
Fy . smaller than 1%, redistributing their values to the
adjacent irradiance change ranges v for the same irradiance
range ¢. This way, the analysis process can be optimized,
reducing the number of tests necessary by focusing on the
most important cases.

C. Laboratory Efficiency Tests
Laboratory tests are conducted considering the inverter sized
for the nominal power of the photovoltaic system, where
the corrected irradiance of 1000 W/m? corresponds to the
nominal power of the inverter. Up to 6 efficiency tests are
performed with static power and up to 30 variable power
tests according to irradiance variation ranges. The number
of tests can be reduced when weighting factors are less than
1%. Figure [2] shows an example of test maps where a large
portion of the tests from irradiance variation ranges III to VI
are disregarded, as their weighting factor did not reach 1%.
For the tests, the Photovoltaic Array Simulator must be
controlled to operate with a variable photovoltaic V-I curve,
according to the different irradiance variation ranges (I to
VI). Additionally, it is essential to know the maximum
power of each instantaneous V-I curve to calculate the total
efficiency of the photovoltaic inverter in the g and v ranges.
A high-precision power/energy meter must be used for
efficiency measurements, according to the IEC 62891:2020
standard.

IV. RESULTS AND DISCUSSION

The methodology was applied using an open solarimetric
data from a station in Hawaii [|18]]. The experimental results
of static and dynamic efficiency were obtained for 3 different

PV inverters in the Inverter Testing Laboratory of Federal
University of Santa Maria. The laboratory is accredited by
the Brazilian National Institute of Metrology, Standardization
and Industrial Quality (INMETRO) to carry out efficiency
tests on PV inverters.

A. Irradiance Data Acquisition

This study used data from the Oahu Solar Measurement
Grid solarimetric station in Oahu, Hawaii, USA (Latitude:
21.31034° N, Longitude: 158.08675° W). Irradiance mea-
surements were carried out using the LI-200 photodiode
pyranometer from LI-COR Inc., with a frequency of 1 Hz,
positioned at 21.31478° N, 158.07785° W, at a height of
2.1 m above the ground and connected to a 100 €2 resistor.
Irradiance measurements were carried out from March 2010
to October 2011. Ambient temperature was measured by the
nearby solarimetric station using the CS215-L sensor [19].
The dataset [18] is open and provided by NREL. Figure
shows the Global Horizontal Irradiance (GHI) and ambient
temperature measured in one day, during the period from 5
am to 8 pm.

B. Calculation of weighting factors

First, the GHI was converted into the incident irradiance on
a plane with tilt equal to the Latitude (21°). Then, the points
of corrected irradiance G, were calculated considering the
temperature, as per equations (9) and (I0). Figure 4] shows
the example for one day, where the incident irradiance is
corrected by the temperature.

Table [2| presents the calculated k,, values within each
irradiation range g. The parameter kg, , represents the fre-
quency distribution of variations within a specific irradiation
range. For the low irradiance ranges (g = A and B), &, ,
is predominantly static (v = I), indicating minimal dynamic
variation below 250 W/m?. In contrast, for ranges C to F, the
proportion of static operation falls below 90%, suggesting
increased variability at higher irradiance levels. The highest
irradiance variability is observed in the middle range D.

1500 - 130

Ghur
; T 128
O [T T
RN | [k ST
oA RS R 26
1000 A o
o I e ‘ ‘”“u," W o
o I fi 1 24 §
=) J W \ =
2 W \ I
K / ( Nl &
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500 | [/ A o
)/ U It k ] 20 &
/ ,q lJA‘; I
/ / ' Wm
e/ h 18
/ b,
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FIGURE 3. Solarimetric data: Global Horizontal Irradiance and
temperature.
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TABLE 2. Calculation of weighting factors F; , and rounded weighting factors F; ,, (%) considering k, of the CEC efficiency.

Inverter Irradiance Irradiance variation range v (absolute W/m?s)
Power (%) | range g (W/m?) kg I10-5 | II(5-15) | I (15-25) | IV(25-35) | V(35-65) | VI(> 65)
kg,v 83.33% 8.97% 3.49% 1.74% 1.90% 0.55%
100 F (875 - 2000) 5 % Fyo 4.16% 0.44% 0.17% 0.080% 0.095% 0.027%
Fy0 1%) 4 % 1 % 0% 0% 0% 0%
kg,v 86.47% 5.97% 2.61% 1.53% 2.12% 1.29%
75 E (625 - 875) 53 % Fyo 45.83% 3.16% 1.38% 0.81% 1.12% 0.68%
Fgv %) 46 % 3 % 1 % 1 % 1 % 1 %
kg, 78.82% 9.91% 4.12% 2.32% 3.12% 1.68%
50 D (400 - 625) 21 % Fy 16.55% 2.082% 0.86% 0.48% 0.65% 0.35%
Fyv 1%) 17 % 2 % 1 % 0% 1% 0%
kg, 87.00% 7.89% 2.48% 1.16% 1.16% 0.30%
30 C (250 - 400) 12 % Fy o 10.44% 0.9471% 0.2982% 0.13% 0.13% 0.036%
Fyowaw | 1% 1% 0% 0% 0% 0%
kg,v 95.87% 3.11% 0.65% 0.2164% 0.1365% 0.0115%
20 B (150 - 200) 5% Fy o 4.79% 0.15% 0.032% 0.01% 0.0068% 0.0006%
Fyv 1%) 5% 0% 0% 0% 0% 0%
kg,v 99.85% 0.136% 0.012% 0.002% 0.0008% 0.0001%
10 A (0 - 150) 4 % Fy o 3.994% 0.005% 0.0004% 0.00008% 0.000032% | 0.000001%
Fovaw | 4% 0% 0% 0% 0% 0%
1500 an index to compare different inverters without significantly
—G . . . .
G increasing the complexity of the tests. A reduction of 0.2%
’ in the overall efficiency would not justify the inclusion of
o0 u | 20 additional testing points.
g |
=l C. Tests results with three photovoltaic inverters
5 w00 | The presented methodology was applied to three PV invert-
’f & i h ers: one with 3 kW, another with 6 kW, and the third with
M/ﬂ v 'M 12 kW, designated as Inverter A, Inverter B, and Inverter
PN \w\ C, respectively, to maintain confidentiality regarding the
ob— — . A

Time (hours)

FIGURE 4. Irradiance incident on the plane vs corrected irradiance.

Following the approach 1 of Section IIL.B[2} the weighting
factors k, for each irradiance range g € (A, B, C, D, E, F)
were considered the same of the CEC efficiency coefficients
of Table [I} Then, F ,, is calculated using equation (I3) and
rounded to values greater than 1%. As a results, the static
efficiency (range I) represents 87% of the overall efficiency,
while the dynamic efficiency (ranges II to VI) represents
13%.

The rounded values F , (1%) are used to calculate the
overall efficiency as shown in equation (3. By dismissing the
tests that do not influence the overall efficiency, the number
of dynamic efficiency tests is reduced from 30 to 10, as
shown in Figure E} Note that the sum of Iy, below 1% is
around 2.00%. If there were an average reduction of 10% in
the dynamic efficiency at these untested points compared
to the adjacent tested ones, the overall efficiency would
decrease by only 0.2%. The proposed overall efficiency is

manufacturer/brand.

The tests were conducted using a LabView supervisory
system and a Keysight N8957APV Photovoltaic Array Sim-
ulator. The grid was emulated using an AC Power Source.
A high precision power analyzer LMG670 (ZES Zimmer
GmbH) was used to measure efficiency, with 151 kS/s and a
reading accuracy of 0.01% + 0.02% of the reading and upper
range values, respectively. The efficiency results for Inverters
A, B, and C are shown in Tables [3] {i] and [5] respectively.

Fig. 5] shows the dynamic efficiency laboratory results for
Inverter A. The graphs for the other inverters are omitted here
as they do not provide additional information. The lowest
measured dynamic efficiency of Inverter A was 42.69% (Fig.
Blf)) and the highest was 92.47% (Fig. [5(a)). In Figures
B] (a) and (d), the output power is always proportional to
the maximum PV power, indicating stability in the inverter
MPPT algorithm for the irradiation variation lower than 15
W/m?/s. However, as the irradiance derivative increases, as
depicted in Figures E] (b), (c), (e), (), (g), and (h), the
output power deviates from the proportion of the maximum
PV power, suggesting instability in the MPPT algorithm for
irradiance derivatives exceeding 15 W/m?/s. Despite the final
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TABLE 3. Measured efficiencies 7, ., for inverter A (3 kW).

TABLE 5. Measured efficiencies 7, , for inverter C (12 kW).

Range I 1I 1 v \% VI Range I i I v A% VI
F 92.36% | 92.65% F 95.28% | 93.80%

E 91.90% | 92.71% | 53.99% | 42.69% | 50.86% | 70.66% E 95.56% | 62.52% | 91.07% | 90.86% | 68.90% | 65.22%
D 93.27% | 92.47% | 69.26% 75.63% D 96.15% | 91.73% | 92.20% 78.05%

C 92.30% | 88.01% C 96.37% | 71.40%

B 90.74% B 95.86%

A 83.81% A 94.50%

TABLE 4. Measured efficiencies 7, ., for inverter B (6 kW).

Range I 1I 11T v v VI

F 92.48% | 92.72%
93.29% | 78.31%
93.98% | 94.11%
94.02% | 94.34%
92.90%
89.48%

93.55% 93.41%

94.07%

93.50% | 93.50%

94.01%

> w A oom

dynamic efficiency being below 80%, it only reduced the
overall efficiency of Inverter A by 2% compared to static
efficiency. The 2% deviation is frequently disregarded in
PV system simulators, which commonly adopt a minimum
irradiance measurement sampling period of 1 minute and do
not account for the dynamic behavior of the inverter.

It can be observed in Fig. [5] the repeatability of the
inverter efficiency test results is ensured by the repetition
of the triangular waves, allowing for a consistent analysis of
efficiency under dynamic irradiance variations. With more
triangular waves, greater repeatability is achieved.

In Fig. [6] the comparison of the three inverters tested in
operation for range D can be observed: inverter A of 3 kW,
inverter B of 6 kW, and inverter C of 12 kW, represented
respectively by (a), (b), and (c) in Fig. @ It is noted that the
first inverter experienced some moments of disconnection
due to MPP variation, resulting in low dynamic efficiency
values. However, the same did not occur for the other
inverters of 6 kW and 12 kW. It is important to highlight
that different inverters were tested, and this result may be
related to the quality of the other inverters, which did not
disconnect due to MPP variation.

D. Comparison of static, dynamic and overall efficiencies
Using the values of F , (1%) from Table E], the calculated
static efficiency (range I), dynamic efficiency (ranges II to
VI), and overall efficiencies of the three inverters are shown
in Table

Inverter C had similar dynamic efficiency of inverter A
(< 80%). On the other hand, inverter B had much better
dynamic behavior, having the dynamic efficiency closer to
the static efficiency. Although inverters A and C had low
dynamic efficiency, this only had a 2% impact on overall
efficiency. This is because the weight calculated to dynamic
efficiency in the overall calculation was only 13%.

TABLE 6. Comparison of static, dynamic and overall efficiency of the

inverters.
Efficiency Inverter A Inverter B Inverter C
Static (Eq. ) 91.88% 9331% 95.74%
Static (Eq. 91.80% 93.28% 95.73%
Dynamic 77.45% 90.17% 78.66%
Overall 89.93% 92.88% 93.51%

However, despite this seemingly small 2% difference, it
can significantly affect the energy production of a PV system
over its lifetime. This discrepancy is often disregarded during
the selection of PV inverters due to the absence of a singular
index like the proposed overall efficiency. Moreover, in
the official government program PBE/INMETRO [8], if the
efficiency value reported by the manufacturer exceeds the
laboratory-measured value by more than 1%, the equipment
would be disqualified. Additionally, existing PV system
simulators do not incorporate the sub-minute dynamics of
inverters. Therefore, this study highlights the importance of
considering dynamic and static efficiency to obtain a more
accurate prediction of energy production from PV systems.

V. CONCLUSION
This study proposed a methodology for obtaining a single
overall efficiency index for PV inverters by weighing both
static and dynamic efficiency, using high-frequency irradi-
ance data. In the case study, the weightings resulted in
87% for static efficiency and 13% for dynamic efficiency.
Experimental results were obtained with three PV inverters
to determine the overall efficiency. The tests highlighted
the importance of dynamic testing to identify inverters with
low dynamic performance, which may even disconnect from
the grid in some situations of solar dynamics. One inverter
exhibited high dynamic efficiency (> 90%), reducing the
overall efficiency by only 0.43% compared to static effi-
ciency. The other two inverters showed reduced dynamic
efficiency (< 80%), resulting in a reduction of 2% in overall
efficiency compared to static efficiency. While this reduction
may seem insignificant, it can play a decisive role in selecting
different inverter models for PV system design and may even
lead to disqualification of a PV inverter in governmental
energy efficiency programs.

Thus, an overall efficiency index contributes to the field
of PV systems by providing a unique metric to compare
the efficiency of PV inverters. Another implication of the

Eletrénica de Poténcia, Rio de Janeiro, v. 29, e202419, 2024. 7


https://creativecommons.org/licenses/by/4.0/

Figueira et al.: Methodology to Define an Overall Efficiency of Photovoltaic Inverters Considering Static and Dynamic Tests

FIGURE 5. Dynamic efficiency tests for inverter A (3 kW): (a) Range D and II; (b) Ranges D and Ill; (c) Ranges D and V; (d) Ranges E and II; (e) Ranges E
and lll; (f) Ranges E and IV; (g) Ranges E and IV; (h) Ranges E and VI. Colors: ¢ PV array maximum power; e input dc instant power; e output ac instant

power.
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results obtained is the importance of considering the dynamic
efficiency of PV inverters in high-precision simulations.
Simulators typically consider irradiance data with a mini-
mum sampling period of one minute, neglecting sub-minute
dynamic effects. Therefore, future PV system simulators can
incorporate the dynamic MPPT efficiency of inverters to
improve their accuracy.
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