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Abstract – Ensuring user safety in transformerless
photovoltaic (PV) inverters is crucial due to the high
leakage current caused mainly by the PV modules’
capacitance. Compliance with safety standards IEC
62109-2:2011 and IEC 63112:2021 demands leakage
current tests utilizing a variable resistive-capacitive (RC)
load. However, limited research has been conducted
to assess the impact of test parameters on result
conclusiveness. To address this gap, this paper investigates
the influence of AC mains voltage phase angle on trip
time results in the continuous leakage current test as
per these standards. Our experiments, performed with
five commercial transformerless PV inverters, revealImproved Methodology for Testing the Compliance of Residual Current Detection of five commercial transformerless PV inverters, revealImproved Methodology for Testing the Compliance of Residual Current Detection of 
significant sensitivity of the results to this specificNon-Isolated Grid-Connected Photovoltaic Inverterssignificant sensitivity of the results to this specificNon-Isolated Grid-Connected Photovoltaic Inverters
parameter. Supported by RMANOVA analysis, our
findings substantiate this observation. Subsequently, we
discuss potential strategies to enhance the accuracy of
test outcomes and propose a well-defined methodology to
ensure repeatability and reliability of results.

Keywords – Leakage Current, Photovoltaic Inverter,
Residual Current, Safety Standards, Test Methodology.

I. INTRODUCTION

Transformerless Photovoltaic (PV) Inverter topologies have
been widely adopted to increase efficiency and reduce costs
of PV systems. However, the lack of galvanic isolation
between the PV generator, along with the presence of AC
common-mode voltage at the DC input [1], can result in
high levels of leakage current, which predominantly flowsHenrique Bizzi Morari, Ricardo Jochann F. Bortolini, Lucas Vizzotto Bellinaso, Lean-high levels of leakage current, which predominantly flowsHenrique Bizzi Morari, Ricardo Jochann F. Bortolini, Lucas Vizzotto Bellinaso, Lean-
through the parasitic capacitance between DC terminals anddro Michelsthrough the parasitic capacitance between DC terminals anddro Michels
the grounded aluminum frame of the PV modules [2], [3].
This leakage current increases fire hazard and impairs the
detection of residual currents caused by electric shock [4]. PV
protection standards have been developed to ensure adequate
personnel and system safety such as IEEE Std. 1374 [5],
NEC article 690 [6] and IEC 62548 [7]. In addition, safety
standards specific for power converters for PV systems have
been developed, such as IEC 62109-1 [8] and IEC 62109-
2 [9]. In 2021, IEC 63112 [10] was published to update or
replace many requirements and tests related to residual current
defined in IEC 62109-2, which is expected to be reviewed.
However, safety against fire and shock hazards still poses
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Fig. 1. Residual current detection scheme in non-isolated PV inverters
according to IEC 62109-2.

many challenges [11], so the development of new protection
schemes is an important research issue [12]–[18].

The requirements and testing procedures outlined in IECImproved Methodology for Testing the Compliance of Residual Current Detection of The requirements and testing procedures outlined in IECImproved Methodology for Testing the Compliance of Residual Current Detection of 
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and testing procedures against fire and electric shock on the
DC side of PV inverters [5]. In Brazil, the PV installation
standard ABNT NBR 16690 and the PV inverter INMETRO
ordinance reference these IEC standards for protection
requirements and testing against residual current. According
to these standards, transformerless PV inverters must be
equipped with a residual current device (RCD) or a residual
current monitoring unit (RCMU), as illustrated in Figure 1
[19]. To ensure physical separation of all current-carrying
conductors from the mains, relays must be used to provide
single fault-tolerance disconnection.

RCDs are not applicable in most cases since PV arrays
have large capacitance to ground which generate a residual
current higher than 30 mA under normal conditions; therefore,
RCMU is the usual solution. Before starting operation, a
transformerless PV inverter must measure the array insulationHenrique Bizzi Morari, Ricardo Jochann F. Bortolini, Lucas Vizzotto Bellinaso, Lean-transformerless PV inverter must measure the array insulationHenrique Bizzi Morari, Ricardo Jochann F. Bortolini, Lucas Vizzotto Bellinaso, Lean-
resistance, and only connect if the measured resistance

Henrique Bizzi Morari, Ricardo Jochann F. Bortolini, Lucas Vizzotto Bellinaso, Lean-
resistance, and only connect if the measured resistance

Henrique Bizzi Morari, Ricardo Jochann F. Bortolini, Lucas Vizzotto Bellinaso, Lean-
does comply with minimum requirements. When connected,
RCMU must continuously measure the residual currents and
open their electromechanical relays when trip conditions
occur. Trip time for sudden changes in leakage current depends
on its magnitude. The critical case is for steps of 90 mA, for
which trip time must be less than 40 ms, i.e. disconnection
must occur in less than 2.5 cycles of grid voltage at 60 Hz.
According to IEC 62109-2 and IEC 63112, residual current
tests of RCMU are performed by inducing current steps of
different magnitudes. Tests are repeated five times for each
DC pole and for each current step magnitude. The inverter
must pass in all attempts to comply. However, there is no
assurance that these five test attempts are executed at some
critical instant, since the standard does not specify some test
conditions. Thus, the results may be poorly repeatable and
critical test conditions may not be detected.
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Transformerless PV inverters are being adopted worldwide,
even in places accessible by people. The DC side is usually
protected only by insulation resistance metering and the
RCMU, which are embedded in the inverter. Thus, if critical
safety conditions are not detected in PV inverter compliance
tests, there may be serious safety hazards for users. Moreover,
high repeatability is required for certification purposes,
because tests performed in different laboratories or even in
different test attempts must not lead to different pass/fail
results, especially when dealing with user safety requirements
[20].

The main objective of this paper is to analyze how the mains
voltage angle affects continuous leakage current trip time
test procedures for transformerless PV inverters, following
IEC 62109-2 and IEC 63112 standards. Additionally, we
propose a methodology for improved result repeatability
and reproducibility [21], [22]. Our tests utilized automatic
equipment specially designed for the purpose, featuring a
digitally controlled RC load for precise AC mains voltage
measurement and solid-state switching.

The experimental tests were conducted on five commercial
transformerless PV inverters, including three single-phase
inverters (1.5 kW, 2 kW, and 5 kW) and two three-
phase inverters (8 kW and 12 kW) from different brands
and topologies. The hypothesis that the AC mains phase
angle influences the results was statistically tested using
RMANOVA analysis.

RMANOVA was chosen due to its effectiveness in
evaluating multiple factors’ impact (e.g., AC mains phase
angle) on continuous leakage current trip time test results.
It accommodates variability within and between different
inverter models and test conditions.

Furthermore, the RMANOVA analysis revealed that not
defining the AC mains phase angle introduces Type A
uncertainties to the results. Type A uncertainties arise from
data variability due to repeated observations. By precisely
defining the AC mains phase angle during testing, we
minimize these uncertainties, leading to more reliable and
accurate results.

The study emphasizes the significance of using statistical
methods like RMANOVA to assess various variables’ impact
on test results. Our methodology, incorporating testing at
different AC mains phase angles using automatic equipment,
reduces Type A uncertainties and enhances the validity of
leakage current testing according to IEC 62109-2 and IEC
63112. This enhances confidence in the equipment passing
the test, particularly when measured values are close to the
compliance limit.

II. RCMU REQUIREMENTS AND TESTING

According to IEC 62109-2 [9] and IEC 63112 [10], non-
isolated grid-connected PV systems shall comply with two
main requirements: i) the PV inverter must measure the PV
array insulation resistance to the ground before connecting
to the grid, and it must not connect if insulation resistance
is below a given lower limit; ii) when connected to the grid,
the inverter must continuously measure the residual current to
detect potential electric shock and avoid fire hazard. Protection
against residual current can be achieved with a type-B 30 mA
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Fig. 2. Setup for testing RCMU protections in non-isolated PV
inverters according to IEC 62109-2.

RCD for measuring DC and AC components, or an RCMU.
When using an RCMU, the inverter must disconnect if there
is excessive continuous leakage current or sudden changes
in residual current. The requirements and tests of RCMUs
are specified in the following subsections. The setup used
for testing both requirements is shown in Figure 2, where
laboratory power sources emulate the PV array and the AC
grid.

A. Continuous Leakage Current
Excessive continuous leakage current can cause fire hazard.

Inverters with a power rating of up to 30 kVA must disconnect
with a maximum of 300 mA rms of leakage current. In IEC
62109-2, inverters rated over 30 kVA must disconnect when
measuring continuous leakage current up to 10 mA per kVA
of rated power. The same limits are defined in IEC 63112, but
with an overall limit of 5 A for inverters rated over 500 kVA.
Disconnection shall occur within 300 ms, and the inverter
must indicate a fault. It can reconnect to the grid if insulation
resistance greater than the limit is measured.

The procedures for testing the protection of a
transformerless PV inverters against excessive continuous
leakage current are shown in Figure 3, divided in two tests:

a. Trip level tests (Figure 3a): an adjustable resistance is
connected between one of the PV poles and ground.
Starting with high resistance, the resistance is slowly
reduced until the inverter leakage current exceeds the
inverter maximum limit and it disconnects from the grid.
The recorded trip level for the tested pole is the rms
leakage current at which the inverter disconnects.

b. Trip time tests (Figure 3b): first, the resistance is adjusted
to conduct a leakage current 10 mA below the trip
level. Then, another resistance is connected in parallel,
adjusted to conduct a leakage current of 20 mA. This
step forces the leakage current to exceed the previously
identified trip level. The interval between this step and
the inverter disconnection is the recorded trip time.

The trip time tests are performed five times for each
connected DC pole. This paper focuses on this test,
demonstrating that the AC mains angle ϕ , when the 20 mA
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Fig. 3. Continuous leakage current test procedures: a) Trip level
measurement; b) Trip time measurement.

resistance is connected, affects the trip time results. In the
standard tests, the angle is not specified, making it arbitrary.
In this study, we adopt a modified methodology and conduct
tests at several pre-defined angles.

B. Sudden Change in Residual Current
In a non-isolated PV system, contact with residual currents

above 30 mA can lead to electric shock. To prevent this
occurrence, the inverter must rapidly disconnect from the
grid upon detecting a sudden increase in residual current.
In addition to the resistance, the test procedures for this
requirement also involve the capacitive part of the load
(Figure 2), which emulates the parasitic capacitances. To test
this requirement, three resistive current steps are performed
over a baseline capacitive current. The residual current steps
used for testing and their corresponding maximum trip times

TABLE I
Maximum Disconnection Time for the Residual Current

Sudden Change Test for PV Inverters with RCMU

Residual current steps for testing Max. disconnection time

30 mA 300 ms

60 mA 150 ms

90 mA (updated in IEC 63112) 40 ms

are specified in Figure I. Note that detailed analyses of the
residual current sudden change tests require further study,
specifically focusing on those tests. These analyses will not
be addressed in this paper.

III. UNCERTAINTIES AND STATISTICAL ANALYSIS IN
PV INVERTER LEAKAGE CURRENT TESTS

Standardized tests are defined to evaluate equipment
behavior. Any test has uncertainties that are related
to calibration, measurement equipment accuracy, testing
methods and characteristics of the Equipment Under Test
(EUT).

To obtain conclusive results, the uncertainty related to
calibration, measurement equipment accuracy and method
must be much lower than the uncertainty of the EUT.
According to the Guide to the Expression of Uncertainty in
Measurement [23], the uncertainties of a measurement can be
classified as:

a. Type A: relative to the data collected from a series of
independent observations and evaluated using statistical
methods associated with analysis of variance (ANOVA).
Examples of type A uncertainties are the mean value
and standard deviation of the results of an experiment or
measurement repeated several times.

b. Type B: components of measurement uncertainty
determined by means other than a type A. Examples
of type B uncertainty are equipment calibration reports,
proficiency testing reports, datasheets or manufacturer’s
manuals.

Levels of confidence higher than 95% are normally
acceptable for expanded uncertainty in metrological systems.
This level of confidence results in an expanded uncertainty
twice as much as the combined uncertainty. Thus, uncertainty
of repeatability must be reduced to much lower values than
the acceptable limit to enable conclusive test results. This is
made possible by defining test conditions in as much detail as
possible.

To measure the influence of the grid phase angle ϕ on the
trip time tests, the following methodology was employed for
5 inverters. First, the trip level (in mA) for a specific DC pole
of each inverter is determined. Then, the trip time tests are
conducted for each pole of every inverter, connecting a 20 mA
additional resistance when the AC mains voltage crosses a pre-
defined angle. The defined crossing angles ϕ are 0◦, 45◦, 90◦,
135◦, 180◦, 225◦, 270◦, and 315◦. Each testing point (DC pole,
AC angle) is repeated 5 times, resulting in 80 tests per inverter
(2 poles × 8 angles × 5 repetitions). Table II summarizes the
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TABLE II
Testing Parameters to Measure the Influence of ϕ

Parameter Specification

AC phase angles ϕ 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, 315◦

Tested Poles Positive and Negative Poles

Trip time tests per EUT 8 angles × 2 poles × 5 repetitions = 80 tests

EUT 5 inverters detailed in Figure III

testing parameters.
After all data had been collected, it was submitted to

a repeated measures analysis of variance (RMANOVA) to
determine if the trip time difference between each test
condition is due to effective influence of ϕ or due to normal
inverter behavior. RMANOVA is the equivalent of one-way
ANOVA, but for related, non-independent groups, and it is
the extension of the dependent t-test. It is also referred to as
a within-subjects ANOVA or ANOVA for correlated samples.

The RMANOVA tries to determine if the difference
between the averages reflects a real difference between the
test groups, or is due to the random noise inside each group.
For the tests conducted in this paper, the variable parameter
between the groups is the AC voltage phase angle ϕ at which
the leakage current increases above the inverter trip level. The
dependent variable is the trip time of the inverter leakage
current protections.

The RMANOVA test uses two variables to test the
hypothesis: the p-value and F-value. The F-value represents
the ratio of variance between the groups (or conditions) to
variance within the groups. A higher F-value indicates a more
substantial difference between group means compared to the
variability within each group, making it more likely to reject
the null hypothesis. The p-value associated with the F-value
represents the probability of observing an F-value as extreme
as the one obtained, assuming the null hypothesis is true. In
general, if the p-value is below a predetermined significance
level (such as 0.05), researchers can reject the null hypothesis.

In RMANOVA, the null hypothesis (H0H0H ) states that the
mean differences between the 8 related groups are not
significant, and thus, there is no impact of ϕ . The alternative
hypothesis (HAHAH ) is that the mean differences of at least two
groups are statistically significant. This suggests that there
is an effect of ϕ on trip time results, as ϕ serves as an
independent variable among the related groups. This way,
rejecting H0H0H means that there is significant effect of ϕ on trip
time results.

IV. EXPERIMENTAL SETUP AND METHODOLOGY

We have designed and implemented an equipment to test
PV inverters against the requirements of Section II.. The setup
includes an electronically controlled RC variable load and a
supervisory system, which are shown in Figure 4. A photo of
the prototype is shown in Figure 5.

In [24] and [25], electronically controlled variable
resistance schemes are proposed. In the latter, 8 binary
weighted resistors are connected in series, resulting in 256
possible different combinations of resistances. In this study,
the same binary logic is applied to implement the resistive and
capacitive load, but using parallel resistance and capacitance

v
cm

v
pv

=+

_

S
test

+
_0

i
cm

A Leakage current meter 

v
g

Automatic
switching

control
switching

control
switching

rms

C
2

C
n

C
1

S
Rm

S
R2

S
R1

R
1

R
2

R
m

S
Cn

S
C2

S
C1

R
trip

Fig. 4. Setup for automatic testing of residual current detection in
non-isolated PV inverters.

Fig. 5. Leakage current automatic testing system.

binary combinations.
Figure 4 depicts the variable RC load scheme used in the

study. The resistive part of the load consists of 10 resistors
connected in parallel, where the first resistor resistance R1
and the subsequent resistors have R2 = 2R1, R3 = 4R1,
R4 = 8R1, and so on. Semiconductor switches control the
conduction of each resistor. Similarly, the capacitive part of
the load consists of 8 capacitors connected in parallel, with
semiconductor switches controlling the current conduction of
each capacitor. vcm represents the voltage between one of the
inverter pole terminals and the ground terminal, while icm
denotes the leakage current. The resistive and capacitive loads
may have 1024 and 256 different equivalent resistances and
capacitances, respectively, which can be continuously adjusted
by controlling the state of the semiconductor switches.

A microcontroller switches the RC load elements and is
monitored and controlled externally by a supervisory system.
A PLL filters and measures the AC voltage to acquire precise
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phase angle information ϕ . The leakage current is measured
by a LMG670 power analyzer (ZES Zimmer GmbH), with a
reading accuracy of 0.01%+0.02% of the upper range value.
Details about the setup are in [26].

Experimental results have been carried out on three single-
phase inverter and two three-phase inverter. The procedures
for measuring trip level and trip time results are demonstrated
next, followed by a description of the trip-time results of the
continuous leakage current test with different values of ϕ .
Finally, the Discussion Section reports the statistical analysis
(RMANOVA) of ϕ influence on the trip time results, with a
significance level of 0.05 (5%), that is the maximum chance
allowed rejecting H0H0H while H0H0H is true. This threshold is defined
by the researchers and 0.05 is a standard value for statistical
analysis.

A. Demonstration of Leakage Current Test Procedures
The procedures shown Figure 3 for measuring trip time

and trip level for the 1.5 kW single-phase inverter (Inv1) are
demonstrated here.

a. Trip level test (Figure 6(a)): the test began with
a high resistance connected from the positive PV
pole to ground. The resistance was continuously
reduced, increasing the leakage current. When the
inverter disconnected from the mains, the maximum
leakage current was recorded as the trip level. In this
demonstration, the obtained trip level was 127 mA, lower
than the 300 mA limit, so the inverter passed the trip level
test.

b. Trip time test (Figure 6(b)): this test was performed under
the same conditions of the trip level test (voltage and
connected pole), with the chosen AC mains angle to
switch the 20 mA resistance set at ϕ = 0◦. First, the
resistance required to increase the leakage current by
20 mA was determined. Then, the total resistance was
continuously reduced until the leakage current reached
10 mA below trip level. At the specific phase angle
ϕ = 0◦ (left dashed vertical line), the 20 mA resistance
was connected, causing the leakage current to exceed the
inverter trip level. The inverter disconnected when the
leakage current reached zero (right dashed vertical line),
resulting in a measured trip time of approximately 42 ms.
This time was well below the limit of 300 ms defined
in the standard, indicating that the inverter successfully
passed this test.

V. EXPERIMENTAL RESULTS

Trip time results for the continuous leakage current test
were obtained using five inverters, and their parameters are
presented in Figure III. The selection of these inverters was
based on factors such as representation of widely used brands
in Brazil and availability in our laboratory.

The ambient conditions were controlled to keep
temperature at 23◦ ± 3◦C. The five inverters were allowed to
achieve thermal steady-state, and all tests in the same inverter
were conducted in a sequence, without interruption, beginning
at ϕ = 0◦ and ending at ϕ = 315◦, in steps of 45◦. For three
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Fig. 6. Demonstration of the continuous leakage current trip time
measurement for Inv1 (positive pole): a) trip level; b) trip time.

TABLE III
EUT Parameters

Parameter
Inverter label

Inv1 Inv2 Inv3 Inv4 Inv5

Quantity of phases single single single three three

Nominal Power 1.5 kW 2 kW 5 kW 8 kW 12 kW

phase inverters, one of the phases was chosen as a reference
for defining ϕ . The positive DC pole was tested first, and
both DC and rms AC voltages were kept constant during all
tests. Each measurement point was repeated 5 times. Figure 7
shows the mean and the 95% confidence interval of the trip
time measurements based on five repetitions for each pole and
inverter.

The results were analyzed according to the RMANOVA
method, covered on section III.. Figure IV shows the F-statistics
and p-value for all the tests conducted.

VI. DISCUSSION AND PROPOSED TEST AND
METHODOLOGY

In this section, we first discuss the results obtained, and then
we present an improved test methodology to reduce Type A
uncertainties by applying the developed test setup.

Out of the 5 tested inverters, Inv1 (positive pole test),
Inv2, Inv4 and Inv5 exhibited p-values lower than the
chosen significance level (p < 0.05), indicating a statistically
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(a)
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Fig. 7. Trip time results (mean and 95% confidence interval) at
different AC phase angles ϕ when the switch is activated. Results
for: a) Inv1; b) Inv2; c) Inv3; d) Inv4; e) Inv5.

significant effect of ϕ on the trip time of the inverters. For
Inv3 and the negative pole test of Inv1, we cannot assert that

TABLE IV
F-statistics Results of the Measurement Conditions

Inverter Tested PV pole F-statistics results p-value

Inv1 positive F(2.45,9.79) = 7.99 p = 0.007

Inv1 negative F(2.41,9.64) = 2.49 p = 0.129

Inv2 positive F(2.37,9.47) = 22.25 p < 0.001

Inv2 negative F(1.78,7.13) = 5.26 p = 0.042

Inv3 positive F(2.28,9.1) = 3.04 p = 0.093

Inv3 negative F(2.28,9.13) = 0.62 p = 0.577

Inv4 positive F(1.56,6.25) = 42.02 p < 0.001

Inv4 negative F(2.31,9.24) = 38.40 p < 0.001

Inv5 positive F(1.75,7.02) = 10.28 p = 0.009

Inv5 negative F(2.76,11.03) = 29.34 p < 0.001

the differences between the group means are solely due to ϕ ,
because the p-value was higher than the significance level.

It is important to note that the 95% confidence interval
shown in the figures is not related to the significance level.
While the significance level indicates the risk of rejecting the
null hypotheses while it is true, the 95% confidence interval is
based on the standard deviation, which indicates the spread of
the measured values around the mean value and is an indicative
of the stability and repeatability of the results.

The RMANOVA results of the tested inverters show that
the worst-case ϕ condition (higher trip time) is not constant.
For the single-phase 1.5 kW inverter (Inv1), the worst case was
ϕ = 135◦ for the positive PV pole and ϕ = 90◦ for the negative
pole. Furthermore, the negative pole test with ϕ = 90◦ had the
highest standard deviation. For the three-phase 12 kW inverter
(Inv5), the worst-case angles were ϕ = 135◦ and ϕ = 270◦ for
the positive and negative terminals, respectively. This indicates
that the AC mains angle leading to a higher trip time cannot
be predetermined without prior analysis.

Since the tested equipment are commercial inverters, and
the firmware, control strategies, and inner power electronics
topologies are protected by the manufacturer, it is not possible
to determine the exact reasons for the trip time differences.
Therefore, statistical analysis is essential to reach conclusive
results.

Possible causes for the trip time differences are:
i) The zero voltage or zero current switching (ZVS or

ZCS) of electromechanical relays, used to increase safety and
lifespan, may delay the inverter’s disconnection from the grid;

ii) Differences in leakage current of the positive and
negative PV poles may be caused by the DC-DC boost
converter topology. For an usual boost converter, the negative
PV pole is connected to the negative pole of the DC bus, and
the positive PV pole terminal has lower voltage to ground
than the positive pole of the DC bus. Therefore, the voltage
between negative PV pole and ground is higher than the
voltage between positive PV pole and ground. Depending
on the methods for measurement DC and AC content of the
residual current, this may cause differences in trip level results.

Based on our results, we propose a methodology for
performing the test in Section A., considering the values of
ϕ experimented with in Section V.. The test equipment must
be able to switch the R load precisely at the specified ϕ



Eletrôn. Potên., Florianópolis, v. 28, n. 3, p. 256-263, jul./set. 2023262 Eletrôn. Potên., Florianópolis, v. 28, n. 3, p. 256-263, jul./set. 2023262

(0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, 315◦). Although this
methodology multiplies the total quantity of testing points by
8, it is important to improve the confidence of the test results,
especially when measured values are close to compliance
limits.

Currently, the existing procedures mandate only 5
repetitions, disregarding ϕ . Considering a scenario where the
inverter fails the test in 25% of the ϕ range (0◦ − 360◦), the
inverter’s probability of passing the 5 repetitions is 0.755 =
23.7%. This introduces a substantial element of luck into
the test results. By introducing the AC voltage angle ϕ as
an additional parameter in the test procedure, we seek to
minimize this element of uncertainty. This adjustment would
allow a more accurate and repeatable assessment of the
inverter’s protection against continuous leakage current.

VII. CONCLUSIONS

This study specifically investigated the influence of the
grid voltage phase angle on the continuous leakage current
trip time results of PV inverters and proposed an improved
testing methodology to reduce measurement uncertainties and
increase confidence levels. The results of the RMANOVA
analysis demonstrated that the grid voltage phase angle does
have a statistically significant effect on the trip time results
of four of the five inverters, and that the worst-case condition
(higher trip time results) cannot be defined without prior
analysis. The proposed methodology includes testing the
inverters in eight different controlled AC mains phase angles,
which helps to reduce Type A uncertainties and achieve higher
confidence levels in the results.

The contributions of this study are significant for the
PV inverter industry, testing laboratories, and standard
committees, as they provide a better understanding of the
grid voltage phase angle’s impact on continuous leakage
current test results and propose an improved methodology
to increase the reliability of the test results. The findings of
this study suggest that the influence of the grid voltage phase
angle should be considered in future updates of IEC 62109-
2, IEC 63112 and other safety standards. Overall, this study
has important implications for ensuring the safe and reliable
operation of PV inverters in the field.

ACKNOWLEDGEMENTS

The present work was carried out with the support of
the INCT-GD and the funding agencies CNPq processes
465640/2014-1 and 306312/2021-2, CAPES process No.
23038.000776/2017-54 and FAPERGS 17/2551-0000517-1).
This study was supported in part by the Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior – Brasil
(CAPES-PROEX) – Funding Code 001.

REFERENCES

[1] F. d. M. Carnielutti, H. Pinheiro, C. Rech, “Estratégia
de modulação para conversores multiníveis em cascata
simétricos sob condições de faltas”, Eletrônica de
Potência, vol. 17, no. 2, pp. 555–564, May 2012, doi:
10.18618/REP.2012.2.555564.

[2] J. C. Hernández, P. G. Vidal, A. Medina,
“Characterization of the insulation and leakage
currents of PV generators: Relevance for human
safety”, Renewable Energy, vol. 35, no. 3, pp. 593–
601, mar. 2010, doi:10.1016/j.renene.2009.08.006.

[3] J. C. Giacomini, L. Michels, H. Pinheiro, C. Rech,
“Impact of Common Mode Signal Injection on the
Leakage Current of a Grid-Connected Transformerless
PV Inverter”, Eletrônica de Potência, vol. 21, no. 4, pp.
296–304, Dec. 2016, doi:10.18618/REP.2016.4.2633.

[4] M. K. Alam, F. Khan, J. Johnson, J. Flicker, “A
Comprehensive Review of Catastrophic Faults
in PV Arrays: Types, Detection, and Mitigation
Techniques”, IEEE Journal of Photovoltaics,
vol. 5, no. 3, pp. 982–997, May 2015, doi:
10.1109/JPHOTOV.2015.2397599.

[5] “IEEE Guide for Terrestrial Photovoltaic Power
System Safety”, IEEE Std 1374-1998, pp. 1–64, Oct.
1998, doi:10.1109/IEEESTD.1998.88280.

[6] NEC, NEC – Article 690 for Photovoltaic (PV) Power
Systems installations, NEC, 2014.

[7] International Electrotechnical Commission,
Photovoltaic (PV) arrays – Design requirements,
IEC, Sep 2016.

[8] International Electrotechnical Commission, Safety of
power converters for use in photovoltaic power
systems – Part 1: General requirements, IEC, Apr.
2010.

[9] International Electrotechnical Commission, Safety of
power converters for use in photovoltaic power
systems – Part 2: Particular requirements for inverters,
IEC, Jun. 2011.

[10] International Electrotechnical Commission,
Photovoltaic (PV) arrays – Earth fault protection
equipment – Safety and safety-related functionality,
IEC, Jun. 2021.

[11] D. S. Pillai, N. Rajasekar, “A comprehensive review
on protection challenges and fault diagnosis in
PV systems”, Renewable and Sustainable Energy
Reviews, vol. 91, pp. 18–40, Aug. 2018, doi:
10.1016/j.rser.2018.03.082.

[12] D. S. Pillai, F. Blaabjerg, N. Rajasekar, “A
Comparative Evaluation of Advanced Fault Detection
Approaches for PV Systems”, IEEE Journal of
Photovoltaics, vol. 9, no. 2, pp. 513–527, mar. 2019,
doi:10.1109/JPHOTOV.2019.2892189.

[13] S. Dhar, R. K. Patnaik, P. K. Dash, “Fault Detection
and Location of Photovoltaic Based DC Microgrid
Using Differential Protection Strategy”, IEEE
Transactions on Smart Grid, vol. 9, no. 5, pp. 4303–
4312, Sep. 2018, doi:10.1109/TSG.2017.2654267.

[14] B. P. Kumar, G. S. Ilango, M. J. B. Reddy,
N. Chilakapati, “Online Fault Detection and Diagnosis
in Photovoltaic Systems Using Wavelet Packets”, IEEE
Journal of Photovoltaics, vol. 8, no. 1, pp. 257–265,
Jan. 2018, doi:10.1109/JPHOTOV.2017.2770159.

[15] B. K. Karmakar, A. K. Pradhan, “Detection and
Classification of Faults in Solar PV Array Using
Thevenin Equivalent Resistance”, IEEE Journal of



Eletrôn. Potên., Florianópolis, v. 28, n. 3, p. 256-263, jul./set. 2023 263Eletrôn. Potên., Florianópolis, v. 28, n. 3, p. 256-263, jul./set. 2023 263

Photovoltaics, vol. 10, no. 2, pp. 644–654, Jan. 2020,
doi:10.1109/JPHOTOV.2019.2959951.

[16] N. Vázquez, M. Rosas, C. Hernández, E. Vázquez, F. J.
Perez-Pinal, “A New Common-Mode Transformerless
Photovoltaic Inverter”, IEEE Transactions on
Industrial Electronics, vol. 62, no. 10, pp. 6381–
6391, Apr 2015, doi:10.1109/TIE.2015.2426146.

[17] R. S. Figueredo, K. C. M. de Carvalho, N. R. N.
Ama, L. Matakas, “Leakage current minimization
techniques for single-phase transformerless grid-
connected PV inverters – An overview”, in Brazilian
Power Electronics Conference, pp. 517–524, Oct.
2013, doi:10.1109/COBEP.2013.6785164.

[18] L. V. Bellinaso, R. S. Figueredo, M. P. Almeida,
R. J. F. Bortolini, L. Michels, I. Bet, R. Zilles,
“Strategies to deal with ground faults in grid-connected
transformerless photovoltaic converters with battery
energy storage system”, Eletrônica de Potência,
vol. 24, no. 3, pp. 314–322, Sep. 2019, doi:
10.18618/rep.2019.3.0015.

[19] K. Li, J. Lin, F. Niu, Y. Wang, Q. Li, Z. Guo, Y. Wu, “A
Novel Fault Leakage Current Detection Method With
Protection Deadzone Elimination”, IEEE Transactions
on Instrumentation and Measurement, vol. 70, pp. 1–9,
Nov. 2021, doi:10.1109/TIM.2020.3035257.

[20] E. A. Golubev, L. Isaev, “Estimating measurement
reproducibility without interlaboratory collaboration”,
Measurement Techniques, vol. 47, no. 12, pp. 1149 –
1154, Dec. 2004, doi:10.1007/s11018-005-0078-0.

[21] T. Cheng, W. Gao, D. Zhao, Y. Huang, W. Liu, Y. Zhao,
“Method to improve the repeatability of dynamic
contact resistance measurement test results for high-
voltage circuit breakers”, IET Science, Measurement &
Technology, vol. 13, no. 4, pp. 544–552, Jun. 2019, doi:
10.1049/iet-smt.2018.5486.

[22] P. Arpaia, F. Bonavolontà, A. Cioffi, N. Moccaldi,
“Reproducibility Enhancement by Optimized Power
Analysis Attacks in Vulnerability Assessment of IoT
Transducers”, IEEE Transactions on Instrumentation
and Measurement, vol. 70, pp. 1–8, Aug. 2021, doi:
10.1109/TIM.2021.3107610.

[23] Working Group 1 of the Joint Committee for Guides in
Metrology, Evaluation of measurement data – Guide
to the expression of uncertainty in measurement, Joint
Committee for Guides in Metrology, Sep. 2008.

[24] R. G. Oliveira, L. H. C. Ferreira, E. R. Ribeiro,
“Modeling and simulation of controllable AC series
resistive load”, in Brazilian Power Electronics
Conference (COBEP), pp. 1–6, Nov. 2017, doi:
10.1109/COBEP.2017.8257311.

[25] G. Castillo, L. Ortega, M. Pozo, X. Domínguez,
“Control of an island Micro-hydropower Plant
with Self-excited AVR and combined ballast load

frequency regulator”, in IEEE Ecuador Technical
Chapters Meeting (ETCM), pp. 1–6, Oct. 2016, doi:
10.1109/ETCM.2016.7750868.

[26] Henrique Bizzi Morari, Sistema para ensaio de
corrente de fuga em inversores fotovoltaicos de acordo
com a norma IEC 62109-2, Undergraduate thesis, Feb.
2018.

BIOGRAPHIES

Henrique Bizzi Morari received his B.S. degree in Control
and Automation Engineering from the Federal University of
Santa Maria (UFSM), Santa Maria, Brazil, in 2019. He has
worked in the PV Systems industry and is currently working
in data engineering at Claro S.A. His research interests include
computer science, power electronics, and control systems.

Ricardo J. F. Bortolini was born in Rodeio Bonito, Brazil,
in 1992. He received the B.S degree in Automatic Control
and Systems Engineering, M.Sc. and Dr. degree in Electrical
Engineering from the Federal University of Santa Maria
(UFSM), Brazil in 2015, 2018 and 2023, respectively. He
is currently post-doc in UFSM in the PV Inverters tests
laboratory and is member of working groups that develops
Brazilian’s PV standards. His research interests include PV
systems, Hardware-in-the-loop, power electronics and safety
of PV systems. Additionally, he is currently a Brazilian expert
in the IEC TC 82 – Solar photovoltaic energy systems.

Lucas Vizzotto Bellinaso received his B.S. and M.S. degrees
in electrical engineering in 2012, followed by his M.Sc.
and Ph.D. degrees in electrical engineering from the Federal
University of Santa Maria (UFSM), Santa Maria, Brazil,
in 2014 and 2017, respectively. Since 2015, he has been
with the Power Electronics and Control Group (GEPOC)
at the same university, where he is currently Professor. His
research interests include PV systems, power electronics and
control applied to renewable energy systems, and safety of PV
systems. Additionally, he is currently National Secretary of
ABNT/CB-003/CE 003 082, the Brazilian mirror committee
of IEC TC 82.

Leandro Michels was born in Não-Me-Toque, Brazil, in
1979. He received the B.S and Ph.D. degrees from the Federal
University of Santa Maria, Santa Maria, Brazil, in 2002 and
2006, respectively, both in electrical engineering. Since 2009,
he has been with the Power Electronics and Control Research
Group (GEPOC) at the Federal University of Santa Maria,
where he currently is Associate Professor and the director of
the Smart Grid Institute (INRI/UFSM). He is also coordinator
of the INRI laboratory for testing photovoltaic inverters,
accredited by INMETRO, and the coordinator of the Unit of
the Brazilian Company of Research and Industrial Innovation
(EMBRAPII) focused on Distributed Energy Resources.
Additionally, he is the National Coordinator of ABNT/CB-
003/CE 003 082.


