%%g Journal of Intelligent Systems and Control E ncnnlore

https://www.acadlore.com/journals/JISC

Evaluation of the Accuracy and Consistency of Variable Reluctance |
Sensors for Turbine Speed Monitoring in Steam Turbine Generator
1.0 at Tambak Lorok CCPP

Afif Abdul Hadi'*®, Ahmad Azmi Fikri?

Check for
updates

! Department of Power Plant Engineering Technology, Faculty of Vocational Studies, State University of Malang,
65145 Malang, Indonesia

2 Instrumentasi, PLTGU Tambak Lorok, PT. PLN Indonesia Power UBP Semarang, JI. Ronggowarsito, Tj. Mas,
50174 Semarang, Indonesia

* Correspondence: Afif Abdul Hadi (afif.abdul.2105315 @students.um.ac.id)
Received: 11-01-2024 Revised: 12-16-2024 Accepted: 12-23-2024

Citation: A. A. Hadi and A. A. Fikri, “Evaluation of the accuracy and consistency of variable reluctance sensors
for turbine speed monitoring in steam turbine generator 1.0 at Tambak Lorok CCPP,” J. Intell Syst. Control, vol. 3,
no. 4, pp. 239-250, 2024. https://doi.org/10.56578/jisc030404.

© 2024 by the author(s). Published by Acadlore Publishing Services Limited, Hong Kong. This article is available for free download
and can be reused and cited, provided that the original published version is credited, under the CC BY 4.0 license.

Abstract: Accurate monitoring of turbine speed is essential for ensuring operational stability and efficiency in
power generation systems, particularly within the context of low-carbon and renewable energy integration. This
study evaluates the performance of three Variable Reluctance Sensors (VRSs)—VRS1, VRS2, and VRS3—used for
real-time speed monitoring of the Steam Turbine Generator (STG) 1.0 at the Tambak Lorok Combined Cycle Power
Plant (CCPP). The evaluation was conducted using statistical methods, including Root Mean Square Error (RMSE),
standard deviation, and two-factor Analysis of Variance (ANOVA) without replication, to assess the accuracy and
consistency of the sensors under varying operational conditions. The operational conditions were simulated through
a motor controlled by a Variable Speed Drive (VSD), which allows for precise control over speed variations. The
results indicate that the VRSs exhibit high accuracy and reliability, with RMSE values ranging from 0.08% to
0.28%. Among the three sensors, VRS3 demonstrated the highest performance, achieving minimal variability, with
a standard deviation of 0.000 at a frequency of 50.00 Hz. ANOVA revealed no significant differences in performance
between the three sensors (P-value = 1.000), suggesting uniformity in their measurement capabilities. These findings
substantiate the suitability of VRSs for turbine speed monitoring in power plants, ensuring operational stability and
supporting the integration of renewable energy technologies. The results reinforce the potential of VRSs as a reliable
tool for improving the efficiency of sustainable energy systems.

Keywords: Variable Reluctance Sensor (VRS); Standard deviation; Root Mean Square Error (RMSE); Tambak
Lorok Combined Cycle Power Plant (CCPP)

1 Introduction

Renewable energy is environmentally friendly and does not damage the surrounding environment, especially
in standalone photovoltaic power plants [1]. However, its intermittent nature often challenges maintaining power
quality and efficiency [2]. In particular, accurate monitoring of turbine speed plays a critical role in optimizing power
plant performance and ensuring operational stability.

One of the crucial aspects in improving the performance of renewable energy plants is accurate monitoring
of turbine speed [3]. Stable turbine speed is essential to ensure operational efficiency and the quality of power
generated. Variations in turbine speed can cause instability in the electrical system, ultimately affecting the plant’s
overall performance [4]. Therefore, using appropriate sensors to monitor turbine speed becomes very important.

A CCPP is a power plant that integrates gas turbines and steam turbines to maximize energy efficiency by
utilizing the residual heat from the gas turbine combustion process [5]. At the Tambak Lorok CCPP, the STG 1.0
plays a crucial role in converting the residual thermal energy into mechanical energy, which is then transformed
into electricity through the steam turbine [6]. In typical operational conditions at CCPPs, the system operates at a
frequency of 50 Hz, with the turbine spinning at approximately 3000 revolutions per minute (RPM). These conditions
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are essential for maintaining the stability and efficiency of the power plant. Monitoring turbine speed under these
conditions ensures the system operates within the optimal performance range.

Monitoring turbine speed in real-time using VRSs is vital to ensure system stability and improve the reliability of
energy conversion processes. This study evaluates the accuracy and consistency of VRSs under varying operational
conditions, aiming to enhance the reliability of turbine speed monitoring systems in the context of renewable energy
integration at the Tambak Lorok CCPP. Turbine speed, a critical parameter for ensuring system stability and efficiency,
is monitored in real time using a VRS (The subgraph (a) of Figure 1). This sensor provides accurate data to support
the control and optimization of turbine performance [7].
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Figure 1. (a) VRS; (b) Main components of VRS [§]

The main components of the VRS (The subgraph (b) of Figure 1) include the pole piece, which directs the
magnetic field toward the metallic target; the coil, which induces electrical signals based on changes in the magnetic
field; and the magnet, which generates the magnetic flux [9]. Potting protects the internal components from vibration
and dust, while the shell provides mechanical protection [10]. The connector links the sensor to external systems,
and the connector pins transmit the output signals from the coil to external cables [11].

The VRS operates by detecting changes in the magnetic field generated by a permanent magnet within the sensor,
which is directed through the pole piece [9]. The basic operating principle of this sensor relies on the movement of a
metallic target, such as gear teeth or a sprocket, passing through the pole piece [9]. During the detection process, two
primary positions influence the magnetic flux: the high reluctance position (The subgraph (a) of Figure 2) occurs
when the target teeth are not aligned with the pole piece, resulting in high magnetic reluctance [12]. This reduces
the magnetic flux passing through the coil, causing the induced signal to weaken or even drop to zero [13].

At the low reluctance position (The subgraph (b) of Figure 2), the target teeth align with the pole piece, reducing
magnetic reluctance and allowing the magnetic flux to flow more easily. This alignment generates a higher electrical
voltage through pulses [14]. The resulting changes are induced into the coil, producing signals that indicate the
target’s positional changes.
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Figure 2. (a) High reluctance position; (b) Low reluctance position [15]

Inaccuracy in the VRS at STG 1.0 of the Tambak Lorok CCPP can lead to serious consequences, including
turbine trips. In this system, six VRSs are utilized: three units for monitoring turbine speed and three others as safety
trip sensors. A trip occurs if one of the sensors malfunctions or if the generated signal indicates that the turbine
speed has fallen below the operational standard of 3000 RPM. This speed is a critical value that must be maintained
to ensure turbine stability and safety.
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In the STG 1.0 turbine system, the installed spur gear has 60 teeth [16]. The VRS is configured to detect changes
in the magnetic field generated by these teeth as they rotate [17]. Each wave (1 Hz) produced by the VRS corresponds
directly to one RPM of the turbine [18]. Therefore, a single pulse from the VRS represents one RPM.

The signal generated by the VRS, in the form of frequency, is processed by the MARK V system, equipped with
three redundant processors (R, S, and T) to enhance system reliability. However, if two trip sensors fail or provide
incorrect readings, the turbine will automatically shut down to prevent further damage. Therefore, accuracy testing
of the VRS is crucial to ensure its proper functionality. During testing, a motor is used as the speed input, and the
VRS output is tested with a multimeter to measure frequency (Hz). Meanwhile, the MARK V system calculates the
speed percentage relative to the turbine’s maximum value. This validation ensures the sensor operates optimally and
prevents erroneous readings that could cause unexpected turbine trips.

This testing process enables the control system to monitor real-time changes in the turbine shaft’s rotational
speed. In the control room, the output signal from the VRS is displayed as the TN H parameter (turbine speed or
turbine shaft speed), providing a visual representation of the turbine’s speed. This parameter is shown in RPM,
offering clear information about the turbine’s operational status.

2 Literature Review

The turbine speed monitoring system is crucial in ensuring power plant operations’ stability and efficiency,
particularly in CCPPs. VRSs are widely used for their reliability and capability to detect turbine speed in real time.
These sensors operate by converting changes in the magnetic field into electrical signals, which are then processed
to produce accurate data for turbine control [19]. In an operational context, VRSs help prevent severe disruptions,
such as turbine trips, when the speed falls below the operational standard.

To provide a clearer understanding of the strengths and weaknesses of VRSs relative to other sensor technologies,
VRSs were compared with optical and capacitive sensors, as shown in Table 1. This comparison highlights their
advantages, limitations, and relevance to turbine speed monitoring in renewable energy systems and power plant
operations.

Table 1. Comparison of VRS, optical, and capacitive sensors

Sensor Types Advantages Limitations Relevance to VRS
. - Sensitive to extreme
High reliability and . .
8 Y and, electromagnetic Proven in CCPP
real-time speed monitoring; . . .
interference; possible applications (e.g., Tambak
VRS tolerant to harsh . . . .
. o requirements of a precise Lorok); consistent results in
environments (vibrations . .
alignment for optimal renewable energy systems.
and dust).
performance.
High resolution in clean . It offers complementary
. . Prone to environmental . .
Optical environments; non-contact benefits but is less suited for

sensor [20]

Capacitive
sensor [21]

measurement reduces wear
and tear.
Effective in
high-temperature
environments; capable of
measuring small
displacements precisely.

factors like dust, moisture,
and vibrations.

Requires frequent
calibration; performance
may degrade in highly
dynamic or variable
environments.

harsh industrial
environments.
Suitable for specific
scenarios but lacks the
robustness of VRSs for
turbine speed monitoring
applications.

Previous research has highlighted the significant potential of VRSs in industrial applications. Zhang et al. [22]
found that the accuracy of VRSs in industrial environments exhibited an error margin of only £0.3%. Civera
and Surace [23] demonstrated that environmental factors, such as high temperatures and vibrations, impact sensor
accuracy in wind turbines but can be mitigated through additional mechanical protection. While these findings
indicate promising performance, further research is needed to address challenges such as measurement variability
under more complex conditions.

Several advanced technologies have been developed to enhance the accuracy and consistency of VRSs. Sta-
tistical analysis techniques, such as RMSE and standard deviation, have been employed to evaluate measurement
accuracy [24]. Additionally, measurement validation through data comparison from multimeters, tachometers, and
modern control systems like MARK V has become a standard practice to ensure data consistency. Modern control
systems are also equipped with processor redundancies, such as the R, S, and T processors in MARK V, designed to
improve system reliability in handling potential errors.

Nevertheless, several research gaps still need to be addressed. Studies of the impact of rotational frequency
on the performance of VRSs in CCPP environments remain limited [25]. Additionally, research comparing the
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performance of various VRSs under uniform operational conditions is scarce. Advanced statistical analyses, such
as ANOVA without replication, are also underutilized for evaluating measurement variations between sensors and
measuring instruments [26]. These gaps highlight the need for further research to enhance the reliability of VRSs in
power plant applications.

The accuracy and consistency of several VRSs for turbine speed monitoring applications in CCPPs were evaluated
in this study. Using three VRSs (VRS1, VRS2, and VRS3), the measurement results from a multimeter, tachometer,
and the MARK V control system were compared. Statistical analyses, including RMSE, standard deviation, and
ANOVA, were employed to assess sensor performance comprehensively. The research provides empirical evidence
that VRSs are a reliable solution for turbine speed monitoring, particularly in the Tambak Lorok CCPP. It enriches
the related literature with a data-driven approach. The following is a summary of the state of the art, highlighting
the technical and comparative aspects of research and applications of VRSs, as presented in Table 2.

Table 2. Related studies and research contributions concerning VRSs

No. Researchers Research Focus Methods Findings and Contributions
Evaluation of VRS VRSs showed an error margin of
1 Zhang et al. accuracy in Error ma.rgin +0.3% in indqstrial §ettings,
industrial analysis demonstrating reliable
environments performance.
Environmental
effects (high Environmental factors can be

Experimental testing

temperatures and mitigated with additional

2 Civera et al. o and mechanical . . o
vibrations) on sensor rotection mechanical protection to maintain
accuracy in wind p Sensor accuracy.
turbines
Use of statistical Statistical methods effectivel
. RMSE and standard y
3 Liu et al. methods to assess evaluated VRS accuracy under

Sugiyanto et

al.

VRS accuracy
Impact of rotational
frequency on VRS
performance in

deviation analysis

Frequency analysis
and ANOVA

various operational conditions.

The need for further evaluation of
frequency effects on sensor
performance was highlighted.

CCPP environments

3 Method

This study employs a comparative experimental method, an experimental approach focused on comparisons [27].
The technique aims to compare measurement results against specific standards or benchmarks to evaluate the accuracy
of VRSs. In the testing, a 0.5 HP motor with speed adjustments via a VSD was used as the driver, while the VRS was
positioned with a 0.10 mm gap. Testing was conducted at six speed variations: 500 RPM, 1000 RPM, 1500 RPM,
2000 RPM, 2500 RPM, and 3000 RPM. The sensor output was measured using a multimeter and the MARK V
control system. The first stage involved comparing measurements from the multimeter with those from a tachometer
to ensure data consistency, while the second stage compared MARK V results with the tachometer to evaluate system
output accuracy. This approach ensures the sensor operates accurately, preventing reading errors when installed in
turbine systems. The research flowchart is shown in Figure 3.

Table 3. List of tools and specifications

No. Tools Specifications
1 Electric Motor Power: 0.5 HP; voltage: 220 V; speed: 3000 RPM [28]
2 Honeywell VRS Model: magnetic speed sensor; Type: 3-wire sensor [8]
3 Multimeter Type: digital; accuracy: +0.5%; voltage range: 0 — 600 V [29]
4 Tachometer Type: laser; range: 10-99999 RPM; accuracy: +0.05% [30]
5 VSD Type: FR-D700; frequency range: 0.5 — 60 Hz; max power: 0.75 kW [31]
6 Ngﬁﬁiﬁgﬁ&? Type: 1P; max voltage: 230/400 V; max current: 6-32 A [31]
7 Feeler Gauge Thickness: 0.05 — 1 mm; material: stainless steel [32]
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3.1 Equipment Preparation

This testing was conducted at STG 1.0 of the Tambak Lorok CCPP, Semarang, on September 18, 2024. To
ensure the smooth execution of the VRS testing process, various tools and materials were meticulously prepared.
This preparation aimed to support the measurement of sensor accuracy using standardized methods. The list of tools
used in this testing can be seen in Table 3.

3.2 Frequency Adjustment of VSD

In measuring the rotational speed of a motor controlled by a VSD, it is essential to understand the relationship
between the supply frequency and the motor’s synchronous speed. Synchronous speed, which is the speed at which
the magnetic field rotates within the motor, depends on the number of magnetic poles in the motor and the supply
frequency. This relationship shows that an increase in supply frequency can raise the motor’s synchronous speed,
while an increase in the number of magnetic poles can decrease the synchronous speed [33]. The synchronous speed
(Ny) can be calculated using the following formula:

_120f
P

N ey

Synchronous speed (V) is the rotational speed of the magnetic field inside a motor, expressed in RPM; it depends
on the supply frequency (f) measured in Hertz (Hz), and the number of magnetic poles (p) in the motor. For the
same supply frequency, a standard single-phase motor has two magnetic poles (p = 2), simplifying the formula to:

N,

T=%

@)

Using this equation, the appropriate frequency for each motor speed can be calculated, as presented in Table 4.

Table 4. VSD frequency settings at various motor speeds

RPM  Frequency (Hz)

500 8.33

1000 16.67
1500 25.00
2000 33.33
2500 41.67
3000 50

3.3 VRS Testing

Performance validation testing is a method to ensure that the sensor operates according to the performance
standards established under various operational conditions [34]. This method includes systematic steps, such as
initial sensor calibration, testing under multiple variables, and verifying measurement results against reference
instruments. In VRS testing, the evaluation ensures the accuracy of motor speed readings across various RPM
variations, as shown in Figure 4. The process began with ensuring that the MCB on the VSD module is in the OFF
position to avoid the risk of short circuits or electrical accidents during installation. Next, the 0.5 HP single-phase
motor cable was connected to the output terminal of the VSD module, and the VRS (magnetic speed sensor) was
installed strategically to detect the rotor’s rotation. A feeler gauge with a thickness of 0.10 mm ensures a precise
distance between the sensor and the spur gear, allowing the sensor to detect changes in motor speed accurately.

After all components were installed, the output cable from the VRS was connected to the multimeter set
to frequency measurement mode. This step is essential to validate the sensor’s output signal against the speed
parameters. Once the connection was checked, the MCB on the VSD module was activated to supply power to
the system. The frequency of the VSD module was adjusted according to the predefined testing variables, such as
500 RPM, 1000 RPM, and up to 3000 RPM. At each frequency, the measurement results from the multimeter were
compared with the values obtained using the tachometer to ensure data consistency and system accuracy.

The final testing stage involved recording all results in a table containing the frequency variables (Hz), motor
speed values (RPM), and any deviations between the multimeter and tachometer measurements. The test data
was analyzed using statistical methods such as RMSE to evaluate the accuracy and consistency of the VRS. This
analysis ensures that the VRS performs according to the required standards for turbine speed monitoring systems.
Furthermore, this method provides validation that can be applied to real-world operational systems.
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Figure 4. VRS testing diagram
3.4 Data Analysis and Statistical Testing
Measurements were taken using three VRSs. Data analysis was conducted by comparing the measurement results

between the multimeter, tachometer, and Mark V with reference values. The following values were utilized for the
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data analysis.

a) RMSE (%)

RMSE calculates the difference between the values measured by the sensor (multimeter, tachometer, and Mark
V) and the actual reference values. The RMSE calculation begins by finding the difference between the predicted
values (sensor measurement results) and the actual values (reference values). These differences are then squared to
avoid negative signs and give more weight to significant errors [26].

L —$1) x 100% 3)

where, y; is the reference value (the actual value or the value measured by the standard instrument), g; is the value
measured by the sensor, and n is the total number of measurements or data points used in the analysis.

b) Standard deviation

Standard deviation is used to measure the dispersion of measurement data from the average value [35] and is
expressed by the following Eq. (4):

o=\=— “

The measurement value (X;) is the data obtained from the measurements; the average (X) is derived from the
measurement values; and the number of data points (n) is the total amount of data collected.

c¢) Two-factor ANOVA without replication

This test aims to identify whether there are significant differences in the motor speed readings produced by three
types of sensors (VRS1, VRS2, and VRS3) and three measuring instruments (multimeter, tachometer, and MARK
V). The results of this analysis are essential for evaluating the contribution of each factor to the data variability,
whether from the sensor factor, the measuring instrument, or unidentified variations (residuals) [36]. Additionally,
this method is highly relevant because it is efficient regarding resources and time, requiring no additional replications,
making it suitable for the available data conditions.

4 Result
4.1 VRSI1 Testing Result

The VRS testing results against the reference values show that all three measuring instruments, namely the
multimeter, tachometer, and Mark V, produced values very close to the reference values at various VSD frequencies
(Hz). VRSI also demonstrated excellent performance, with the highest standard deviation of 0.635 at a frequency
of 8.33 Hz and a minimum of 0.000 at 25.00 Hz. At the lowest frequency (8.33 Hz), the multimeter and tachometer
recorded a value of 499.00 RPM, while Mark V recorded 500.10 RPM. As the frequency increased to 50.00 Hz, all
instruments maintained good measurement consistency, with tiny variations from the reference values. The RMSE
value for VRS1 also indicated very high accuracy, with a maximum value of only 0.22% at 8.33 Hz, which gradually
decreased to a minimum of 0.00% at 25.00 Hz. The graph in Figure 5 illustrates the relationship between the
VSD frequency, measurement results, and RMSE values, clearly showing that VRS1 provides excellent accuracy
performance.
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Figure 5. Comparison graph of the VRS1 measurement results with RMSE
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4.2 VRS2 Testing Result

The VRS2 testing results show that measurements taken with the multimeter, tachometer, and Mark V were very
close to the reference values at various VSD frequencies (Hz). VRS2 recorded the most significant variation, with a
maximum standard deviation of 1.155 at 25.00 Hz. However, it still demonstrated consistency at specific frequencies,
such as 16.67 Hz and 50.00 Hz (¢ = 0.000). At the frequency of 8.33 Hz, there was a slight variation between the three
instruments, with measurement values of 499.00 RPM (the multimeter), 500.00 RPM (the tachometer), and 500.40
RPM (the Mark V). However, these differences were still relatively small. At higher frequencies, the measurement
results from all three instruments were almost identical to the reference values, such as at 50.00 Hz, which showed
3000 RPM. The RMSE values for VRS2 indicated high accuracy, with the lowest RMSE value reaching 0.00% at
16.67 Hz and 50.00 Hz, while the highest value was recorded at 8.33 Hz, at 0.28%. Overall, the test results in
Figure 6 show that VRS2 provides consistent and accurate results with very low error rates.

3500.00 .0.28% 0.30%
0.25%
0.20%

2 2000.00 —— e
0.13% )

£ 1500.00 043% o
= 0,
§ 1000.00 N 0.10%
= % 0F e 0gde 0.05%
500.00 -g= 6 05%

8 [ I N
0.00 0.00%

8.33 16.67 2500 3333 41.67 50.00
VSD (Hz)

Root Mean Square Error (%)

Multimeter B Tachometer MARK V ERMSE

Figure 6. Comparison graph of the VRS2 measurement results with RMSE

4.3 VRS3 Testing Result

The VRS3 sensor testing results show that measurements with the multimeter, tachometer, and Mark V were
almost identical to the reference values across all VSD frequencies (Hz), with minimal differences. VRS3 exhibited
the most consistent performance among the three sensors tested, with a minimum standard deviation of 0.000 at 50.00
Hz and a maximum of 0.577 at 25.00 Hz. At 8.33 Hz, all three instruments measured 500.00 RPM (the multimeter),
500.00 RPM (the tachometer), and 500.10 RPM (the Mark V), while at higher frequencies, the measurements from
all three instruments increasingly aligned with the reference values, such as at 50.00 Hz, which showed 3000.00
RPM. The RMSE values for VRS3 demonstrated excellent accuracy, with the lowest value of 0.00% at 50.00 Hz and
the highest of only 0.08% at 16.67 Hz. Overall, the test results in Figure 7 indicate that VRS3 provides consistent
and accurate measurements, with errors almost undetectable across the frequency range.
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Multimeter m Tachometer MARK V BRMSE VRS 3
Figure 7. Comparison graph of the VRS3 measurement results with RMSE

The results show high accuracy and consistency among the sensors, with RMSE values ranging from 0.08% to
0.28%. VRS3 exhibited the best performance with minimal variability, achieving a standard deviation of 0.000 at
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50.00 Hz. ANOVA confirmed no significant differences between the sensors or measuring instruments (P-value =
1.000).

However, it is essential to address potential sources of error that could influence sensor performance. Possible
sources of error include environmental factors, such as temperature variations, mechanical vibrations, and electro-
magnetic interference, which may affect the accuracy of the VRS readings. Additional measures such as enhanced
sensor shielding, improved mechanical mounting, and regular calibration should be implemented to mitigate these
issues. Moreover, data redundancy using multiple sensors and advanced filtering algorithms can further minimize
the impact of these errors on turbine monitoring accuracy.

4.4 Two-Factor ANOVA Without Replication

The results of the two-factor ANOVA without replication show no significant difference between the sensors
used (VRS1, VRS2, and VRS3) or between the measuring instruments (the multimeter, tachometer, and MARK V),
as shown in Table 5. The analysis results indicate that the sensors and measuring instruments provide consistent and
accurate measurements, with no significant differences in motor speed readings across various VSD speed levels.

Table 5. Results of the two-factor ANOVA without replication test

Source of Variation SS df MS F P-Value F-Critical
Sensor (rows) 0.20 2 0.10 1.289-07 0.99 3.18
Tool (columns) 1.12 2 0.56 7.027e-07 0.99 3.18
Residual 39373062.88 49  803531.89

The results of the analysis show insignificant variation between sensors (VRS1, VRS2, and VRS3) and measuring
instruments (the multimeter, tachometer, and MARK V). The F-statistic values for the sensors (1.288e-07) and
measuring instruments (7.027e-07) are much smaller than the F-critical value (3.186582), with P-values of 1.000
and 0.999999, respectively. Most of the data variation comes from the residuals, with a sum of squares (SS) value
of 39373063.582 and a mean square (MS) value of 803531.895605, indicating that other factors dominate the total
variation. In conclusion, the sensors and measuring instruments provide consistent and accurate measurement results,
with no significant differences in motor speed readings across various VSD speed levels.

Although using two-factor ANOVA without replication is appropriate for this study, it is essential to acknowledge
its assumptions and limitations. This method assumes that the data is normally distributed and the variances are
homogeneous across groups without interactions between factors. These assumptions must be met to ensure the
validity of the results. However, a limitation of this approach is the inability to detect variability within individual
groups due to the absence of replications. Future studies could include additional replications or employ alternative
statistical methods to validate the findings and account for potential intra-group variability.

5 Discussion

The results demonstrate that VRSs provide high accuracy and consistency in turbine speed monitoring, supporting
power plants’ operational stability and energy efficiency. These findings highlight the effectiveness of VRSs in
enhancing the performance of renewable energy technologies, particularly in CCPP. Although this study focuses
on three specific VRSs, the findings can be generalized to other VRS models and brands due to the similarity in
their core operating principles, such as magnetic flux variation and electrical signal generation. Performance trends
observed in this study, including high accuracy and low variability, are likely applicable to other VRS models.
However, design, materials, and manufacturing standards variations could impact their performance in challenging
environments. Future research could include comparative analysis across different VRS manufacturers and explore
alternative sensor technologies, such as optical and capacitive sensors, to broaden the understanding of turbine speed
monitoring systems.

Regarding environmental sustainability, integrating VRSs contributes to reducing energy losses and improving
system efficiency, which directly minimizes greenhouse gas emissions. These sensors ensure that energy generated
from renewable sources is utilized effectively by optimizing turbine performance, supporting global initiatives to
transition to cleaner energy systems. Furthermore, this technology aligns with low-carbon building practices by
improving the reliability of energy conversion systems and reducing reliance on fossil fuels.

Integrating VRSs specifically contributes to low-carbon infrastructure by optimizing the operational efficiency
of renewable energy systems, such as wind and hydropower plants, thereby reducing greenhouse gas emissions. By
improving turbine speed monitoring and minimizing energy losses, these sensors enable more effective utilization
of clean energy sources. This aligns with global efforts to transition toward sustainable energy systems and supports
the development of innovative grid technologies for low-carbon infrastructure. Additionally, the real-time data
provided by VRSs enhances predictive maintenance, reducing the need for frequent manual interventions, which
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further minimizes the environmental impact of maintenance operations. These contributions emphasize the critical
role of VRSs in achieving greater sustainability within renewable energy frameworks.

6 Conclusions

The testing results indicate that VRS demonstrates high accuracy and consistency in measuring motor speed,
with minimal differences from the reference values, namely +1 RPM at low frequencies (8.33 Hz) and a maximum
RMSE value of 0.28% for VRS2. The testing method using the motor and VSD proved effective and consistent,
as evidenced by the rotational speed values being very close to the reference, including at 50.00 Hz, where all
instruments recorded 3000 RPM without deviation. The two-factor ANOVA without replication test supports the
validity of the testing, with no statistically significant variation between the sensors (P-value = 1.000).

Although the results are promising, potential sources of error, such as environmental disturbances and sensor
alignment issues, should be considered. Mitigation strategies, including regular sensor calibration, enhanced
environmental protection, and redundant systems, are recommended to ensure the long-term reliability and accuracy
of the VRSs in real-world applications. These findings have broader implications for the renewable energy sector.
By providing accurate and reliable turbine speed monitoring, VRSs improve the stability and efficiency of energy
conversion processes, which are critical for maximizing the output of renewable energy systems. Furthermore,
their integration into smart grids based on the Internet of Things (IoT) could enhance predictive maintenance and
system optimization, paving the way for more sustainable and efficient energy solutions. This research highlights
the potential of VRSs as a pivotal component in achieving excellent reliability and performance in renewable energy
infrastructure.

This study contributes to the broader field of renewable energy by demonstrating how VRSs can enhance the
reliability and efficiency of turbine speed monitoring, which is critical for maximizing the performance of renewable
energy systems such as wind, hydropower, and CCPPs. Moreover, these findings support the development of more
stable and efficient energy conversion processes in power plants, reducing energy waste and supporting global efforts
to transition toward sustainable energy systems. VRSs play a pivotal role in advancing clean energy technologies
and optimizing power plant operations by ensuring operational reliability.
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