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Abstract

This paper presents an experimental comparative
analysis of electromechanical, staticc, and
microprocessor-based protective relays using

the secondary injection testing method. The study
evaluates key performance indicators, including
pickup current, dropout current, and operating
time, under controlled laboratory conditions. The
results show that electromechanical relays exhibit
pickup current deviations below 5%, accompanied
by relatively high variability in operating time
(up to 0.2 s), mainly due to inherent mechanical
limitations. Static relays demonstrate improved
performance, with enhanced stability, reduced
deviations, and limited time variation within
+0.1 s. Microprocessor-based relays achieve the
highest level of performance, characterized by
minimal deviations, negligible hysteresis, and
fast response times of approximately 30 ms. The
findings confirm that the technological evolution of
protective relays leads to significant improvements
in accuracy, response speed, and operational
stability. = Nevertheless, electromechanical and
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static relays can still ensure reliable operation
when properly maintained and correctly
applied. The presented results provide a realistic
assessment of relay performance across different
technological generations and offer a useful basis
for decision-making in the modernization and
upgrade of protection systems.

Keywords: electromechanical, static and microprocessor
relays, experimental analysis, relay protection, secondary
injection testing.

1 Introduction

The reliable operation of modern power systems
largely depends on the performance of protection
systems, whose primary function is the fast and
selective isolation of faults. Protective relays, as key
components of secondary equipment, enable efficient
system monitoring and control, while ensuring the
protection of primary assets and limiting the impact
of disturbances. Accordingly, modern protection
systems are required to meet high standards in terms
of accuracy, selectivity, and operating speed. The
evolution of power systems has been accompanied by
significant advancements in protection technologies,
transitioning from electromechanical to static and,
more recently, to microprocessor-based (digital)
relays. Modern microprocessor-based relays
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provide advanced functionalities, such as adaptive
settings, communication capabilities, and integration
into information and communication systems,
thereby enhancing flexibility and overall protection
performance. The reliability of such protection devices
is a critical concern that can be evaluated through
methods including fault injection and fault tree
analysis [1].

With the increasing penetration of distributed
generation and renewable energy sources, power
systems are becoming more complex. This is
reflected in bidirectional power flows, variations in
short-circuit levels, increased harmonic distortion,
and dynamic changes in network topology and
operating conditions. These factors significantly
affect protection system performance, including the
detrimental impact of harmonic distortion on digital
relay operation [5], and require the implementation
of advanced and adaptive protection schemes [3, 4].
Traditional protection approaches based on fixed
settings often fail to ensure adequate selectivity
and sensitivity under such conditions. One of the
fundamental challenges in protection system design is
achieving optimal coordination between primary and
backup relays while satisfying selectivity, reliability,
and speed requirements. These requirements are
formalized in relevant IEEE standards and technical
guidelines [2, 6], and are frequently formulated as
optimization problems [7, 8].

Although relay protection has been extensively
studied, the majority of existing research focuses on
algorithm development, optimization techniques,
and simulation-based analyses, including tools for
modeling and simulation of protection systems for
educational and research purposes [9], as well as
metaheuristic optimization approaches [7, 8, 10].
Particular attention has been given to adaptive
protection schemes and relay coordination in
networks with variable topology and distributed
energy resources [7, 8, 11]. In addition, some studies
employ fault record data and machine learning
techniques to evaluate relay performance under real
operating conditions [12], while others combine
simulation models and data-driven approaches
to improve fault detection and classification [13].
From an economic perspective, several studies have
shown that replacing electromechanical relays with
microprocessor-based devices can significantly reduce
operational and maintenance costs, with relatively
short payback periods (2-3 years) [14].
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However, despite the extensive body of theoretical and
simulation-based research, there is a noticeable lack
of studies based on experimental validation under
laboratory or real operating conditions. Practical
evaluation of relay performance requires specialized
equipment and infrastructure, and is therefore
typically limited to research institutes, manufacturers,
and large utility companies, which reduces its
availability in open scientific literature. Furthermore,
modern microprocessor-based relays introduce
additional challenges related to system complexity,
reliability, and sensitivity to external influences,
highlighting the need for their experimental
verification. In this context, a clear gap can be
identified between theoretical and simulation-based
studies on one side and experimental validation on
the other, which represents the main motivation of
this work.

The main contribution of this work lies in the direct
experimental comparison of electromechanical, static,
and microprocessor-based protection relays under
consistent laboratory conditions using the same testing
methodology and comparative performance indicators.
Unlike many previous studies focused primarily on
simulation-based analyses, optimization approaches,
or individual relay technologies, the presented
investigation provides a unified experimental
evaluation of three technological generations of relay
protection systems.

This paper presents a comparative experimental
analysis of different relay technologies, with particular
emphasis on their dynamic characteristics and
operating time. The results contribute to a better
understanding of the behavior of electromechanical,
static, and microprocessor-based relays and their
application in modern power systems. The
experimental investigation was conducted using
the secondary injection testing method, which
enables precise evaluation of relay performance under
controlled laboratory conditions. Three generations of
protection devices were analyzed: electromechanical
relays (2xIR-2 + CR-2), static relays (INO 240A), and
modern microprocessor-based relays (SIPROTEC
75]62). The study includes the assessment of their
operating characteristics, response times, and behavior
under different fault conditions.

Test signals were generated using specialized relay
testing equipment (SIR-2 and HZJB-1200), capable
of simulating real operating conditions through
precise control of current, voltage, phase angles, and
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timing parameters. This approach enables a direct
comparative analysis of different relay technologies,
with a focus on dynamic performance, operating time,
and deviations from set values under simulated fault
conditions.

2 Methodology

The research methodology is based on the
experimental evaluation of protective relays using the
secondary injection testing method, which represents
a standard approach for verifying relay performance in
power systems. This method enables the assessment
of relay functionality under controlled laboratory
conditions, without direct connection to the primary
power system.

The tests were conducted using specialized relay
testing equipment for secondary injection (SIR-2 [15],
developed in cooperation between the Nikola Tesla
Electrical Engineering Institute and the Instrument
Transformer Factory in Zajecar, and HZJB-1200 [16],
Huazheng Electric Manufacturing Co., Ltd.). These
devices enable the generation of precisely defined
current and voltage signals, as well as accurate
measurement of time-related parameters. According
to the manufacturer specifications, both test systems
provide high measurement accuracy and adequate
temporal resolution for laboratory verification of
protective relay characteristics. For the HZ]JB-1200
relay test system, the manufacturer specifies current
and voltage output accuracy of +0.2% and timing
measurement accuracy better than 0.1 ms. Such
equipment is widely used in practice for factory
acceptance testing, commissioning, and periodic
verification of protection systems in substations and
industrial installations. The experimental setup and
the tested relay devices are shown in Figure 1.

2.1 Tested relay types and practical application

The experimental investigation was conducted on
three types of protective relays: electromechanical
relays (2xIR-2 + CR-2), static relays (INO 240A),
and microprocessor-based relays (SIPROTEC 75]J62),
which are commonly used in transmission and
distribution systems depending on the level of
system modernization. These devices represent
three distinct technological generations of protection
systems that are still present in practical applications.
Electromechanical and static relays are typically
found in legacy protection schemes, particularly in
systems that have not been fully modernized, whereas
microprocessor-based relays are widely deployed

Figure 1. Experimental setup and relay devices under test:
(a) SIPROTEC 75]J62 microprocessor-based relay with
HZJB-1200 test set, (b) electromechanical relay (IR-2 +
CR-2), and (c) static relay INO 240A tested using the SIR-2
system.

in modern installations requiring higher accuracy,
selectivity, and communication capabilities [2].

In practice, these relays are predominantly used
for overcurrent protection of lines, transformers,
generators, and motors, where their coordination
is defined by time—current characteristics and
selectivity requirements [7]. The problem of optimal
relay coordination is commonly formulated as a
complex optimization task, and various solution
approaches have been proposed in the literature,
including metaheuristic and intelligent optimization
techniques [7-13]. Differences in operating principles
among these relay types directly affect their operating
characteristics, response times, and overall protection
performance. Therefore, experimental validation
under controlled laboratory conditions is important
for objective comparative evaluation of different relay
technologies.

2.2 Testing Procedure

The tests were performed using the secondary injection
method, where simulated current and/or voltage
signals corresponding to fault conditions in power
systems were applied to the relay inputs. The testing
procedure was carried out by gradually increasing the
current from values below the pickup threshold to
values exceeding the set pickup level, while recording
the relay operating time. The investigation focused
on overcurrent protection with one or two operating
stages (stage 1 and stage 2), where the pickup current
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Table 1. Measured pickup and dropout current values for the IR-2 relay.

Set current, Iet (A) 4 5 6 7 8 9 10
Pickup current, Ipickup (A) 396 5.00 6.05 696 795 9.11 10.28
Dropout current, Igropout (A) 350 420 5.00 6.00 695 796 8.70
Dropout ratio, a = Iyropout/ Ipickup  0-88 0.84 0.83 0.86 0.87 087 0.85
Deviation (%) -1.00 0.00 0.83 -0.57 -0.62 1.22 280

and operating time were determined independently
for each stage.

Particular attention was given to the following
performance indicators:

e pickup current,

e operating time,

e stability near threshold conditions,

e relay response under sudden current variations.

The operating time was measured using the internal
timing functions of the test equipment, ensuring high
temporal resolution. To improve result reliability
and reduce random errors, the tests were repeated
for multiple fault current levels. Additionally, the
measurements were conducted using two different
relay test devices (SIR-2 and HZ]JB-1200), enabling
cross-validation of the obtained results. A high level
of agreement between the results obtained using the
SIR-2 and HZJB-1200 systems was observed, with
differences in measured operating times within a few
milliseconds for the investigated operating conditions,
confirming the reliability and consistency of the
applied methodology. For clarity, the results presented
in this paper correspond to measurements obtained
using the HZJB-1200 test system [16]. The collected
data were processed and used for comparative
evaluation of different relay types based on the
measured operating times under different current
levels.

For each operating condition, the measurements
were repeated three times, and the presented results
correspond to the average values. The experiments
were conducted under stable laboratory conditions
at approximately constant ambient temperature
and supply conditions, without significant external
disturbances or fluctuations affecting relay operation.
Timing measurements for all relay types were obtained
using the internal timing functions of the applied
relay test systems, based on the interval between
current injection and activation of the relay output
contact. Particular attention was given to measurement
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repeatability, especially for electromechanical relays
whose operating characteristics may be influenced by
mechanical condition and environmental factors.

3 Results and Discussion

This section presents the experimental results

obtained for electromechanical, static, and
microprocessor-based  relays,  together with
a comparative discussion of their operating

characteristics and performance.

Table 2. Measured inherent operating times of the IR-2 relay
at a set pickup current of 5 A.

Itest (A) 5 7 9

t1 (ms) 66 42 20

ta (ms) 85 45 23

ts (ms) 77 39 18
tmean (MS) 76 42 2033

Table 3. Total operating times of the IR-2 + CR-2 relay at a
test current 30% higher than the set current.

tset (S) 1 2 3 4 5
t1 (s) 1.05 195 285 394 494
to (S) 1.12 193 292 376 4.86
ts (s) 1.18 191 291 378 478

tmean (S) 1.12 193 289 383 486

Deviation (%) 11.67 -350 -3.56 -4.33 -2.80

3.1 Electromechanical relay

The tested electromechanical protection scheme
consists of a current-operated relay (IR-2) and a
time-delay relay (CR-2) connected in series. The IR-2
relay acts as an instantaneous overcurrent element that
initiates the operation of the CR-2 unit, which provides
an adjustable time delay in the range of 0.5-5s. The
pickup current range of the IR-2 relay is 4-10 A. The
experimental procedure included the determination of
pickup and dropout currents, as well as the analysis of
operating characteristics. The connection scheme used
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during testing is shown in Figure 2, while the obtained
results are presented in Tables 1, 2 and 3.
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Figure 2. Connection diagram of the electromechanical
relay used during the experimental secondary injection
testing procedure.

Based on the results presented in Table 1, it can be
observed that an increase in the set current results
in a corresponding increase in the measured pickup
current, with relatively small deviations from the set
values. The measured deviations range from -1% to
2.8%, indicating satisfactory accuracy consistent with
typical characteristics of electromechanical overcurrent
relays. The dropout ratio (a), shown in the fourth row
of Table 1, ranges from 0.83 to 0.88, which falls within
the expected range for electromechanical relays. These
values indicate acceptable stability and proper release
behavior without undesirable contact oscillations.

The inherent operating time of the relay, presented
in Table 2, decreases with increasing current, which is
consistent with theoretical expectations for overcurrent
electromechanical relays. The average operating time
decreases from approximately 76 ms at lower current
levels to about 20 ms at higher currents, indicating

improved response speed under higher fault currents.
The total operating time represents the sum of the
response time of the IR-2 element and the time delay
introduced by the CR-2 element. As shown in Table 3,
deviations between the set and measured times exceed
+0.1 s in certain cases, reflecting the limited precision
of mechanical timing mechanisms. Although the
obtained results demonstrate acceptable accuracy and
stability under laboratory conditions, the observed
deviations and hysteresis effects are directly related
to the relay’s mechanical design. The performance
of electromechanical relays is influenced by contact
condition, spring characteristics, and magnetic system
properties, which are subject to aging, wear, and
contamination. Consequently, their long-term stability
and repeatability remain limited compared to modern
digital solutions.

3.2 Static Relay

The tested static relay INO 240A is a two-phase
overcurrent relay with a definite-time characteristic,
comprising a time-delayed element (I>) and an
instantaneous element (1>>), intended for overload
and short-circuit protection. The time-delay element
is electronically implemented and adjustable via a
front-panel potentiometer, while the pickup currents
are set as multiples of the nominal current, I,
5A. The relay requires a 110 V DC auxiliary
supply, provided by laboratory sources, as shown in
Figure 1(c). The connection scheme is presented in
Figure 3, while the experimental results are given in
Tables 4 and 5.

Table 5. Operating times of the INO 240A relay at a test
current 30% higher than the set current.

tset (S) 1 2 3 4 5
t1 (s) 092 192 293 394 497
ta (s) 094 196 295 397 5.02
ts (s) 093 194 294 395 498

tmean (S) 093 194 294 395 499

Deviation (%) -7.00 -3.00 -2.00 -1.17 -0.20

Table 4. Measured pickup and dropout current values for the INO 240A relay (phase A).

Set current, Iget (A) 07-1, 08-1, I, 12-I, 14-1, 18-1I,
Pickup current, Ipjckup (A) 3.55 402 505 6.08 7.02 9.07
Dropout current, Iqropout (A)  3.20 3.61 454 552 6.38 8.37
Dropout ratio, a = M 0.90 0.90 0.90 0.91 091 0.92
Deviation (%) ek 1.43 050 1.00 1.33 0.29 0.78
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Figure 3. Connection diagram of the static relay used during
the experimental secondary injection testing procedure.

The results presented in Table 4 indicate that the static
relay INO 240A exhibits high accuracy in determining
the pickup current, with small and uniformly

distributed deviations across the entire setting range.

Particular attention is drawn to the dropout ratio
values a, which fall within a narrow range of 0.90 to
0.92, indicating high operational stability and minimal
hysteresis compared to electromechanical relays. Such
behaviour ensures reliable relay dropout without

instability or oscillations near threshold current values.

The analysis of the time-delay element, shown in
Table 5, demonstrates very good agreement between
the set and measured operating times. The deviations
are within +0.07 s, with no observable nonlinearities
or systematic errors, confirming the high precision
of the electronic implementation. In contrast to
electromechanical relays, where deviations are larger
and influenced by mechanical limitations, the static
relay exhibits stable and reproducible behaviour across
the entire setting range. Overall, the results show that
the static relay provides improved accuracy, reduced
deviations, and enhanced reliability compared to
electromechanical relays, both in terms of current
and time characteristics. This makes it suitable for
application in power systems with more stringent
requirements regarding selectivity, operating speed,
and stability. However, despite these advantages, static
relays have limited functionality compared to modern
microprocessor-based relays. In particular, they lack
advanced communication capabilities, integration into
SCADA systems, remote monitoring and control,
and flexibility in adaptive parameter settings. These
features are generally recognized in the literature as
important for modern power systems characterized
by complex network topologies and the integration
of distributed energy resources. = Consequently,
static relays can be considered an intermediate
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technological solution between electromechanical and
microprocessor-based protection systems, combining
improved measurement and timing performance
with limited capabilities in terms of automation and
communication.

3.3 Microprocessor relay

The tested microprocessor-based relay SIPROTEC
75]62 is a multifunctional protection device intended
for applications in medium- and high-voltage
power systems, including the protection of lines,
transformers, and motors. The device belongs to
the fourth generation of the SIPROTEC family and
is characterized by the integration of protection,
control, and diagnostic functions, as well as
advanced communication interfaces (IEC 61850,
PROFIBUS, DNP3), which, according to manufacturer
documentation, enables integration into modern
SCADA systems [17]. The relay was tested using
the DIGSI 4 software environment in combination
with the secondary injection method, where the
test device was directly connected to the relay
current inputs. The generated current signal was
applied to the selected phase, while the relay output
contact was used to register the operating instant
and determine the response time, as shown in
Figure 1(a). This experimental setup enables precise
control of input quantities and reliable determination
of relay performance parameters. The applied
approach allows not only the verification of static
characteristics but also a detailed analysis of dynamic
behaviour, operating logic, and recorded events,
representing an important functional capability of
modern microprocessor-based relay.

The SIPROTEC 7S5J62 relay includes a wide range
of protection and auxiliary functions, classifying
it as a modern multifunctional protection device.
Its core functions include overcurrent protection
with both time-dependent and time-independent
characteristics, as well as directional overcurrent
protection. In addition, the device provides voltage
protection (under- and overvoltage), frequency
protection, current unbalance protection, and thermal
overload protection. Further functionalities include
earth-fault protection, autoreclosing, circuit breaker
failure protection, and advanced features such as
fault location and supervision of measurement and
control circuits. In addition to protection functions, the
relay integrates advanced monitoring and diagnostic
capabilities, including supervision of instrument
transformers, output circuits, and event and fault
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recording with high time resolution. Although
this study focuses primarily on overcurrent and
short-circuit characteristics, the selected functions
represent key processes of fault detection, digital
signal processing, and time coordination in modern
protection systems [17]. The connection scheme used
during the experimental testing of the SIPROTEC 75]62
relay is presented in Figure 4.
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Figure 4. Part of the connection diagram of the SIPROTEC
75]62 relay used during secondary injection testing [17].

Initial functional testing was performed in the
DIGSI 4 environment without the use of a test set,
relying exclusively on software-based tools. This
step enabled verification of correct relay operation
under controlled conditions, including validation
of protection functions, signalling, and response to
predefined commands. As a standard preliminary
procedure, this approach allows rapid identification
of potential issues prior to detailed experimental
testing. The visual signalling functionality was also
verified by activating LED indicators via software, first
individually and then sequentially, confirming the
proper operation of the indication system, which is
essential for monitoring, diagnostics, and operational
reliability. Following the initial functional verification,
experimental testing was carried out using a relay
test set. The relay was configured with a pickup

current of 5 A, and the test current was applied
to phase A, gradually increased from 0 to 6 A in
steps of 0.05 A with a time interval of 1 s. The
measured pickup current was 5.05 A, while the
dropout current was 4.75 A, indicating stable and
reliable operation of the protection function. The
obtained results also demonstrated highly stable
and repeatable operation of the investigated relay
under all considered test conditions, with only
minimal deviations of the measured quantities. The
dropout ratio of approximately 0.94 confirms very
low hysteresis and high operational stability. Unlike
electromechanical relays, where mechanical effects
such as friction and inertia significantly influence
dropout behaviour, these effects are minimized in
microprocessor-based relays, enabling more precise
definition of operating thresholds.

Further analysis of time characteristics showed that
for a set operating time of 0.5 s, the measured
value was 0.502 s, while for a setting of 1 s, the
measured operating time was 1.015 s, confirming high
timing accuracy. Testing of the short-circuit protection
(instantaneous element) resulted in a measured
response time of approximately 31 ms, indicating fast
signal processing and minimal delay in the output
circuit. The fast and stable response characteristics of
the investigated SIPROTEC 7S]62 relay are associated
with digital signal processing and algorithm-based
evaluation of measured quantities implemented within
the protection device. Compared to conventional
relay technologies, such implementation reduces the
influence of mechanical inertia and contributes to
improved operating consistency and repeatability.
The reported operating times correspond to local
protection function operation during secondary
injection testing and were not influenced by external
communication functions or IEC 61850 communication
processes.

In parallel with experimental measurements, the
DIGSI 4 environment enabled detailed visualization
and analysis of recorded events, including fault
occurrence, protection activation, and switching
operations. The analysis of time-stamped event
records provides a high level of operational
transparency, allowing  precise  diagnostics,
identification of potential irregularities, and
optimization of relay settings.

The comparative summary presented in Table 6
clearly illustrates the progressive improvement
in operating accuracy, repeatability, and stability
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Table 6. Comparative summary of the main performance characteristics of the investigated relay types.

Static relay = Microprocessor-based relay

Characteristic Electromechanical relay
Tested device IR-2 + CR-2
Pickup current deviation up to 2.8%
Dropout ratio 0.83-0.88
Operating time deviation up to £0.2 s
Inherent operating time 20-76 ms
Repeatability Moderate
Hysteresis effects Pronounced
Communication capabilities None
Sensitivity to mechanical wear High

INO 240A SIPROTEC 75J62
below 1.5% approximately 1%
0.90-0.92 approximately 0.94
below £0.1's below +0.05 s
electronic approximately 30 ms
Good Very high
Low Very low
Limited Advanced
Low Negligible

from electromechanical to microprocessor-based
relay technologies. In particular, the tested
microprocessor-based relay exhibited the smallest
deviations, the lowest hysteresis effects, and
the highest operational consistency among the
investigated devices.

The presented experimental observations complement
previously published studies focused on relay
coordination optimization, adaptive protection, and
simulation-based analysis of protection systems [7-13].
In particular, the obtained results experimentally
confirm the improved operating stability, reduced
operating time deviations, and enhanced repeatability
of modern microprocessor-based relay technologies
reported in previous simulation-oriented and
optimization-based investigations. =~ Unlike many
previously published studies primarily focused on
coordination algorithms, adaptive protection concepts,
or simulation models, the present work provides
direct laboratory verification of pickup characteristics,
operating times, hysteresis effects, and repeatability
for different relay technologies under controlled
operating conditions.

4 Conclusion

The conducted experimental study enabled a
comparative evaluation of electromechanical, static,
and microprocessor-based protective relays under
controlled laboratory conditions. The results show
that all three relay generations can provide satisfactory
accuracy and reliability in terms of pickup current and
basic protection functions when properly configured
and applied.

The tested electromechanical relay exhibited pickup
current deviations below 5%, with dropout ratios
in the range of 0.83-0.88. Their inherent operating
times ranged from approximately 20 ms to 76 ms,
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while deviations in total operating time, caused
by the mechanical time-delay element, reached up
to 0.2 s. These findings confirm their functional
capability but also highlight limitations related to
mechanical design, including higher variability and
sensitivity to contact condition and maintenance level.
Static relays demonstrated improved performance,
with pickup current deviations generally below
2% and dropout ratios within a narrow range of
0.90-0.92. Their operating times were stable, with
deviations limited to approximately +0.1 s and no
observable nonlinearities. This behavior confirms
higher accuracy and reproducibility compared to
electromechanical devices, although with limited
functionality in terms of communication and flexibility.
The tested microprocessor-based relay achieved the
highest level of performance among the investigated
devices, with a measured pickup current of 5.05 A
for a set value of 5 A and a dropout current of 4.75 A
(dropout ratio ~ 0.94). The deviations in operating
time for the first protection stage were below 0.02 s,
while the short-circuit protection exhibited a response
time on the order of several tens of milliseconds. These
results confirm high accuracy, fast response, and stable
operation, as well as the advantages of digital signal
processing and algorithm-based implementation of
protection functions.

The comparative analysis clearly demonstrates distinct
differences in performance among the three relay
technologies. Electromechanical relays exhibit the
highest variability in both operating time and dropout
characteristics, primarily due to inherent mechanical
limitations. Static relays provide improved accuracy
and significantly reduced deviations, with stable and
reproducible behavior across the entire operating
range. Microprocessor-based relays achieve the
best overall performance, characterized by minimal
deviations, very low hysteresis, and fast response
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times, along with advanced functional capabilities.
Despite these differences, electromechanical relays
can still provide reliable operation when properly
maintained and applied under suitable conditions,
while static relays represent an intermediate
technological solution between traditional and
modern protection systems. The selection of relay
technology should therefore be based on system
requirements, including accuracy, operating speed,
functional capabilities, and maintenance conditions.
The presented experimental results contribute to a
comparative assessment of relay performance across
different technological generations and may provide
useful supporting information for protection system
modernization studies. It should be noted that the
presented investigation was conducted using one
representative relay device from each considered
technological category under controlled laboratory
conditions. Therefore, the obtained results should be
interpreted as a comparative experimental case-study
of the tested devices and operating conditions, rather
than as universally applicable conclusions for all relay
designs and manufacturers. Furthermore, the present
study was limited to steady-state laboratory conditions
and did not consider several factors characteristic of
modern power systems, including harmonic distortion
and dynamic network behavior.

Future research will focus on the influence of
harmonic distortion in current and voltage signals on
relay performance, particularly under conditions of
increasing penetration of renewable energy sources,
energy storage systems, and electric vehicle charging
infrastructure. Special attention will be given to
the impact of harmonics on measurement accuracy,
pickup thresholds, and operating times, as well as
to the capabilities of modern microprocessor-based
relays in signal filtering and processing. In addition,
future studies will investigate relay performance under
dynamic network conditions, including topology
changes, bidirectional power flows, and variations
in short-circuit levels, which are essential for the
development of adaptive and intelligent protection
systems.
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