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 Corrosion in buried metal infrastructure poses significant economic and 

safety risks, requiring advancements over traditional impressed current 

cathodic protection (ICCP). This study presents an innovative pulse 

impressed current cathodic protection (PICCP) system integrating high-

frequency pulse feeding with fuzzy logic control (FLC) for enhanced 

stability and energy efficiency. Utilizing an Arduino Uno and ESP8266 for 

real-time IoT monitoring via Blynk, the system was tested for 14 days in 

humus soil (10–20 kilo-ohm·cm, pH 5–6). Results demonstrate that PICCP 

consistently maintained off-potentials within the safe range of –1100 to –850 

mV, whereas conventional ICCP failed by the eighth day, falling below –

750 mV. The adaptive PICCP system, operating between 44–52 kHz, 

achieved a tenfold improvement in energy efficiency, requiring only 0.74–

0.80 mA compared to 9–10 mA for ICCP. These findings validate the 

PICCP framework as a robust, scalable solution for embedded metallic 

infrastructures, effectively combining automated remote monitoring with 

adaptive electrochemical protection. 
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1. INTRODUCTION 

Corrosion is still the most dangerous and expensive reason why materials fail in energy 

infrastructure, transportation, and process facilities. NACE International's IMPACT study indicates that 

corrosion incurs global costs of approximately 2.5 trillion US dollars, or to almost 3.4% of the world's gross 

domestic product. This means that managing corrosion is not only a technical issue, but also a public safety 

and macroeconomic one [1]–[4]. Best practices emphasize proactive corrosion prevention to prevent pipe 

leaks, service disruptions, and environmentally damaging accidents from occurring upstream. In the context 

of cathodic protection, a widely used criterion for steel buried in soil is a protection potential of at least -850 

millivolts against a copper sulfate reference electrode measured when the system is off, as this approach 

minimizes the influence of voltage drop (IR Drop) in the medium [1]–[6]. 

Various strategies have been implemented to reduce the corrosion rate, including organic and 

metallic coatings, the use of inhibitors, and cathodic protection with galvanic anodes and impressed current 

[7]–[9]. ISO 15589-1 standard positions cathodic protection as a systemic scheme that can be realized 

through galvanic anodes or impressed current, with strict measurement and monitoring governance of buried 

pipeline structures [4], [10]. Technical literature and industry practice indicate that forced current systems are 
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superior when large protection currents are required, the structure's surface area is extensive, or the soil has 

high resistivity, because the current magnitude can be precisely controlled and the protection range can cover 

long pipe segments from a single current source. Nevertheless, the conventional direct current approach is 

prone to higher energy consumption and, if not well-controlled, can lead to the risk of overprotection of the 

coating or hydrogenation [11]–[15]. Recent findings on pulsed current mode indicate the potential for 

increased energy efficiency and better protection control compared to pure direct current, making it 

interesting to explore further. 

Most field applications of forced current still rely on direct current injection with fixed settings or 

periodic manual adjustments, which often leads to a delayed system response to changes in soil environment. 

Two directions of reinforcement that are beginning to be reported are the addition of pulse signals to the 

current injection and the use of intelligent control to make the response adaptive [8], [16]–[21]. Recent 

reviews show that pulse currents in long-distance pipelines can reduce energy consumption while 

maintaining protection performance, while studies on fuzzy logic-based intelligent control have demonstrated 

the ability to maintain protection potential within the target range and reduce power consumption in forced 

current systems [3], [7], [22]–[25]. However, the integration of both on a soil experiment scale with 

frequency settings directly linked to the system's potential measurements being off is still rarely documented, 

necessitating studies that simultaneously summarize the control architecture, pulse frequency validation, and 

energy performance evaluation. 

This study aims to evaluate the efficacy of a fuzzy logic-based pulse impressed current cathodic 

protection (PICCP) system in maintaining the off-potential of ferrous materials within a consistent protection 

range of -850 mV to -1100 mV. The evaluation is carried out over a 14-day comparative study against 

conventional ICCP systems in humus soil media. Additionally, this study also quantifies the increased energy 

efficiency (44 kHz-52 kHz) acquired from implementing adaptive pulse frequency modulation to achieve 

current density optimization while still maintaining similar levels of corrosion inhibition. 

 

 

2. METHOD 

Figure 1 is the research flow of the cathodic protection system, starting with the experimental 

preparation stage, which includes all initial requirements before testing is conducted. Next, environmental 

testing was conducted to ensure the soil conditions were within the appropriate range, specifically with soil 

resistivity between ten thousand and twenty thousand ohm-centimeters and soil pH between five and six. 

After that, system testing was conducted to ensure the error rate did not exceed five percent, so the data 

obtained remained accurate. If all conditions are met, the experiment is conducted for fourteen days with 

continuous observation. After collecting the data, it was processed and analyzed to get accurate results. The 

last step in this process is to look at the surface of the metal sample to see how the environment and the 

system affect the material being tested. 
 
 

 
 

Figure 1. Research flow of the cathodic protection 

  

 

2.1.  Experiment preparation: material 

The cathode samples used were mild steel strips measuring 30×1.5 cm. The initial surfaces were 

cleaned of paint residue by sanding until the metal appeared clean. The strip was then formed into a U shape 

for easy planting in the soil medium, with both ends left open as terminals to be connected to the negative 

pole of the ICCP system. On the flat side of the U shape, an open area measuring 2.5×1.5 cm was marked, 

and then this area, along with both terminal ends, was covered with masking tape. The entire remaining 

surface was coated with resin twice, with drying time between coats. The purpose of this coating is to limit 

the field of observation so that the effectiveness of the protection can be evaluated only on the exposed parts. 

Once the resin has fully hardened, the specimen is declared ready for use. 
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The anode employed is a graphite rod measuring 20 cm in length and 0.5 cm in diameter. 

Measurements were acquired utilizing a laboratory-constructed Cu/CuSO₄ reference electrode, fashioned 

from a recycled pen casing as the container and a wooden tip serving as the porous plug to facilitate ionic 

conduction. Copper and copper sulfate powder are placed in a container and moistened with distilled water to 

form a saturated solution, creating a stable potential reference for measuring the potential against the metal 

sample throughout the testing series. 

 

2.2.  Experiment preparation: soil 

In the soil preparation, humus soil was placed in a 60×15×15 cm container as the test medium. 

Environmental conditions are first adjusted with soil resistivity in the range of 10 k-20 k Ω·cm and pH in the 

range of 5 to 6. After the initial values were achieved, the soil was allowed to acclimate naturally during the 

experiment to monitor the system's performance under varying conditions, especially rising resistivity, 

without additional intervention. 

 

2.3.  Experiment preparation: impressed current cathodic protection system 

The circuit connection diagrams for the corrosion monitoring system are illustrated in Figure 2. 

Specifically, Figures 2(a) and (b) show the basic designs of both the PICCP and ICCP systems, respectively. 

Each system use an Arduino Uno as the primary controller to manage relays, measure corrosion potential 

using reference electrodes, and oversee voltage and current through sensors. Both systems send data to the 

ESP8266 IoT module, which then sends it to the Blynk server so that it can be monitored from afar. Each 

system's relay operates on a four-second cycle of direct current injection, succeeded by a one-second interval 

for measuring off potential. In the PICCP system, the Arduino executes a fuzzy logic algorithm and generates 

a pulsed current signal via the internal timer ICR1. This signal has an amplitude of five volts and a frequency 

of forty to sixty kilohertz. It is then stepped down to about two point one volts using a resistor network. A 

five-volt power supply powers the whole circuit, and during the four-second phase, about two point one volts 

are sent to the anode. The voltage sensor tells you how much voltage is being injected, and the INA219 

sensor tells you how much current is flowing toward the anode as a load indicator. 
 

 

 

(a) (b) 
 

Figure 2. Circuit connection diagrams of the corrosion monitoring system; (a) PICCP and (b) ICCP setup 

 

 

2.4.  Fuzzy logic programs and systems 

The fuzzy membership functions for the PICCP system are presented in Figure 3.  

Figures 3(a) and (b) show the fuzzy logic configuration, which utilizes membership functions for the off-

potential input and for the frequency output. In Figure 3(a), the off-potential is divided into five fuzzy sets 

within the range of 850 to 1100 millivolts according to reference [9], namely VL, L, M, H, and VH. In  

Figure 3(b), the frequency output is modified using the ICR1 setting, ranging from 260 to 400, and 

categorized into five bands from VHF to VLF. The relationship between input and output is established 

through fuzzy rule Table 1, for example, input VL produces frequency output VHF, while input VH produces 
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VLF. These rules form the basis for the system's decision to dynamically adjust the pulse current injection 

frequency based on the off-potential conditions. 

 

 

 
(a) 

 

 
(b) 

 

Figure 3. Fuzzy membership functions; (a) input sets and (b) output sets 

 

 

Table 1. Correlation of fuzzy rule basis for transforming potential level (VL-VH) into frequency (VHF-VLF) 
Membership function Input Output 

1. Very low (VL) Very high frequency (VHF) 

2. Low (L) High frequency (HF) 

3. Medium (M) Medium frequency (MF) 
4. High (H) Low frequency (LF) 

5. Very high (VH) Very low frequency (VLF) 

 
 

Figure 4 illustrates the fuzzy logic workflow in the PICCP system, which begins by measuring the 

open-circuit potential of the metal structure. To ensure the controller generates the correct hardware response, 

the system utilizes the mathematical relationship between the output frequency and register settings shown in 

Table 2, which maps frequencies from approximately 40 kHz to 60 kHz to specific ICR1 values ranging from 

399 to 265.  
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Figure 4. Flowchart of the fuzzy control system mapping input potentials to output frequencies 

 

 

Table 2. The relationship between the ICR1 value and the frequency generated by the controller in the PICCP 

system 
ICR1 value Frequency (kHz) 

265 60.4 

282 56.7 

299 53.5 
316 50.6 

333 48 

350 45.7 
367 43.6 

384 41.7 

391 41 
399 40.1 

 

 

During operation, the measured potential is compared to the Cu/CuSO₄ reference range of  

-1100 mV to -850 mV. If the value is outside these limits, the output frequency is immediately set to its 

minimum or maximum value. If the value is within the valid range, it is classified into five fuzzy categories: 

very low, low, medium, high, and very high. Each category has specific input limits; for example, values 

below -875 mV trigger a very high frequency, while values above -1025 mV trigger a very low frequency. 

The fuzzy rules then determine the precise output frequency, which, when cross-referenced with the ICR1 

values in Table 2, allows the system to automatically adjust the current injection frequency so that metal 

protection remains optimal according to actual conditions. 

 

2.5.  Experiment preparation: setup 

Test configuration of this study contains two schemes that are controlled by Arduino Uno as the 

central control unit, depicted in Figure 5. Figure 5(a) shows the setup of a typical impressed current cathodic 

protection (ICCP) system. A 20 cm long, 0.5 cm diameter graphite rod is employed as an anode, installed in 

the ground with one end exposed for cable connection. The anode is located 20 cm from the metal sample 

acting as a cathode. A reference electrode is positioned above the exposed site but does not contact the metal 

surface, allowing for local potential measurements. The notable technical differences in the depicted PICCP 

system in Figure 5(b). The PICCP scheme applies the pulse signal line and fuzzy logic-based control 

mechanism, which are not utilized in common systems. The Arduino Uno generates high-frequency pulses 
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through internal programming on the ICR1 register for this configuration. By combining this register with a 

fuzzy logic controller, the system will adapt to changing the frequency of current injection. Conversely, the 

ICCP system presented in Figure 5(a) does not use either pulse modulation or fuzzy control and works 

continuously. 

The experimental tests were conducted over a period of 14 days to evaluate the long-term 

performance of the protection systems. This testing duration was selected in accordance with the ASTM G97 

standard [26], which provides an established procedure for laboratory evaluation of anode specimens in 

underground environments [27]–[29]. 

 

 

  

(a) (b) 

  

Figure 5. Experimental setup; (a) ICCP and (b) PICCP 

 

 

2.6.  System validation and accuracy testing 

The system performance was validated using two primary sensors: a voltage sensor and a current 

sensor. Each sensor’s accuracy was verified by comparing its readings with a calibrated digital multimeter to 

ensure the measured data corresponded closely to actual values. The accuracy of the fuzzy logic control was 

evaluated in two stages. The first stage verified the fuzzy algorithm embedded in the microcontroller by 

comparing the results of the fuzzification and defuzzification processes with outputs generated in 

MATLAB’s Fuzzy Logic Designer. The second stage involved testing the defuzzified output pulse signal 

using an oscilloscope to confirm that both the frequency and amplitude conformed to the design 

specifications. The system was deemed valid when the overall measurement error remained within a ±5% 

tolerance. 

 

2.7.  Fourteen-day experimental operation and data analysis 

The experimental system was operated continuously for fourteen days without any external 

intervention. During this period, the soil medium was maintained in its natural condition, allowing the setup 

to function autonomously throughout the test. The system automatically collected essential parameters, 

including off-potential, current, voltage, and frequency, which were transmitted to the Blynk IoT server for 

continuous monitoring and storage. This fully automated operation ensured consistent data acquisition under 

stable environmental conditions, providing a reliable foundation for performance evaluation. 

Following the fourteen-day operation, all recorded data were exported to an Excel file for 

processing and analysis. Data smoothing was applied at 30-minute intervals to minimize short-term 
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disturbances while preserving the true response of the system to environmental variations. The analysis 

focused on evaluating current density to determine energy consumption, off-potential to assess corrosion 

protection effectiveness, frequency to measure controller adaptability, and duty cycle to examine protection 

performance based on real-time potential readings. Collectively, these parameters provided a comprehensive 

evaluation of the PICCP system in terms of energy efficiency, protection stability, control responsiveness, 

and long-term sustainability. 

 

2.8.  Examination of the metal sample's surface 

After completing the experiment, the metal samples were cleaned using a high-strength light-duty 

cleaner (HLDC) solution at 12 volts for 12 hours to remove corrosion residues and surface contaminants. The 

cleaning solution consisted of 70% distilled water, 20% citric acid, and 10% sodium hydroxide, formulated to 

eliminate hydrophobic impurities such as oil, dust, and fingerprints. Following this process, the samples were 

rinsed and wiped with acetone to remove any remaining residues, ensuring that the surfaces were clean and 

ready for microscopic examination. Surface characterization was conducted using a Keyence VHX-X1 

digital microscope, a high-resolution inspection system capable of capturing single-frame images at 

2048×1536 resolution, stage-shifted images at 6144×4608 resolution, and gigapixel mosaics up to 

approximately 100,000×100,000 pixels through advanced image stitching. The microscope was set to ×20 or 

×30 magnification, with autofocus and depth composition enabled to capture accurate three-dimensional 

surface images. The lens could be tilted up to 90°, and the specimen table rotated 360°, allowing 

comprehensive visualization of features such as threads, welds, and sidewalls. The resulting 3D surface 

models, roughness data, and topographic color maps provided detailed insights into the surface morphology 

and corrosion behavior of the tested metal specimens. 

 

 

3. RESULTS AND DISCUSSION 

This section discusses key parameters such as off potential, current density, and frequency, that 

affect the performance of ICCP and PICCP systems using fuzzy logic control, designed to adapt to changing 

environmental conditions. 

 

3.1.  Impressed current cathodic protection performance 

The performance metrics of the conventional ICCP system, focusing on protection stability and 

current consumption throughout the 14-day monitoring period, are summarized in Figure 6. Specifically, 

Figure 6(a) presents the variation in off-potential, showing a steady decline from approximately –950 mV at 

the beginning to about –750 mV by the end of the observation period. This indicates that the cathodic 

protection system initially performed effectively, maintaining adequate polarization of the metal surface. 

However, from around day eight onward, the off-potential approached –850 mV, signifying a gradual loss of 

protection efficiency. The continuous drop in potential suggests that the metal structure began to lose 

sufficient cathodic protection over time, potentially due to electrode passivation, soil resistance variation, or 

degradation in the system’s current output stability. 

Figure 6(b) illustrates the variation in current density of the ICCP system over a 14-day testing 

period. The current density remained relatively stable at approximately 9.2 mA/cm² during the first six days, 

after which a significant increase was observed. This rise indicates an intensified cathodic protection current, 

suggesting that the system was compensating to maintain adequate polarization of the metal surface. 

However, the abrupt increase also highlights a potential issue, as excessive current density can lead to 

unnecessary energy consumption or degradation of the protective film on the metal surface. Overall, the 

observed trend suggests that while the ICCP system effectively responded to changing conditions, the control 

mechanism requires optimization to prevent overprotection and ensure consistent, energy-efficient operation. 

The surface morphology and topographic characteristics of the metal specimen after exposure to the 

conventional ICCP system are detailed in Figure 7, which includes optical imaging, 3D surface profiling, and 

roughness analysis. Specifically, Figure 7(a) shows micro photograph at 80× magnification, and a  

500-micrometer scale shows long grooves made by mechanical preparation. These grooves act as 

microchannels for the electrolyte. There are reddish-brown rust spots on the surface that are tens to hundreds 

of micrometers wide and tend to follow the direction of scratches. This shows that a thin, scattered oxide film 

is forming. The lack of sharply defined pits shows that pitting is not the main problem, and the uneven 

discoloration shows that corrosion is still happening but is being kept in check. This pattern is common in 

ICCP-protected specimens, where the potential has already been moved to a safe zone, which slows down the 

corrosion rate. However, some active sites on the scratch line still react. This means that the whole surface 

needs a more uniform initial cleaning and flow control process in order to reach a stable passive state.  
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(a) 

 

 
(b) 

 

Figure 6. Variation of; (a) off-potential and (b) current density over 14 days of monitoring for the ICCP 

system 
 

 

Figure 7(b) shows a 3D reconstruction of an area that is about 3.8 millimeters by 2.85 millimeters. 

The relief is wavy and has a height range of about 339 micrometers. The low ridges and shallow valleys that 

follow the machine's flow show that there is a mix of abrasion and thin corrosion product buildup, not 

aggressive local erosion. The elevation goes up toward the upper right side, which means that the current 

distribution changes during testing. Non-uniformity on a scale of hundreds of micrometers shows that the 

film and deposit are not even, which means that some areas are better protected than others. In the context of 

ICCP, this pattern indicates the necessity of equalizing the distance between the anode and the surface, along 

with more precise current regulation, to attain a more uniform electric field, thereby producing a flatter and 

more stable post-test morphology.  

Figure 7(c) presents a three-dimensional topographic profile of the metal surface, displaying height 

variations of up to approximately 339 µm, with elevation increasing toward the upper right region. The right 

panel provides a corresponding optical image marked with a measurement line across the observation area. 

The surface profile graph shown below indicates height fluctuations within the range of 220–300 µm, 

exhibiting a relatively smooth waveform that suggests the surface morphology is predominantly wavy 

without sharp peaks. The coloration patterns on the 3D topographic map, along with the visible sanding 

traces, indicate the presence of a thin corrosion layer with non-uniform thickness across the surface. The 

absence of deep craters or localized pitting suggests that the surface degradation is shallow and evenly 

distributed. This observation aligns with the behavior of the specimen exposed to ICCP treatment, where the 

applied protection current effectively minimized metal dissolution but did not achieve fully uniform current 

distribution. In practical applications, optimizing the current magnitude or repositioning the anode could 

improve potential uniformity and contribute to a more stable surface profile. 
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(a) (b) 

  

 
(c) 

 

Figure 7. Surface morphology of the metal sample after exposure: (a) optical image, (b) 3D surface profile, 

and (c) surface roughness analysis 

 

 

3.2.  Pulse impressed current cathodic protection performance 

The comprehensive performance metrics of the fuzzy logic-controlled PICCP system throughout the 

14-day experimental period, covering protection stability, current consumption, and adaptive frequency 

modulation, are summarized in Figure 8. Specifically, Figure 8(a) illustrates the relationship between time 

and off-potential throughout the 14-day testing period. The recorded off-potential exhibited a gradual decline, 

decreasing from approximately –1000 mV on the first day to around –920 mV on the final day. This 

consistent downward trend indicates the system’s adaptive response to environmental variations, 

continuously adjusting its parameters to maintain adequate corrosion protection. Minor fluctuations observed 

in the graph may be attributed to transient environmental changes or minor system perturbations that have a 

negligible overall impact. Nevertheless, the general stability of the decreasing trend demonstrates the 

system’s effective regulation of current to sustain protective performance over time. 

Figure 8(b) presents the variation in current density over the 14-day testing period. The current 

density exhibits a gradual decline from approximately 0.80 mA on the first day to about 0.74 mA on the final 

day. Minor fluctuations observed throughout the period may be attributed to environmental variations or 

transient system responses. Overall, the consistent downward trend indicates effective energy regulation by 

the system, suggesting that it successfully adapts to environmental changes while maintaining adequate 

corrosion protection for the metal surface. 

Figure 8(c) illustrates the variation in control frequency over the 14-day experimental period. 

Initially, the system operated at approximately 44 kHz, increasing progressively to over 52 kHz by the end of 
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the test. A significant adjustment occurred on the second day, followed by minor yet consistent fluctuations 

throughout the remaining days. The observed frequency increase reflects the system’s adaptive capability to 

compensate for changing environmental conditions, thereby enhancing the regulation of cathodic protection. 

The subsequent frequency stability after the initial rise indicates that the system successfully maintained 

optimal control parameters to ensure sustained corrosion protection throughout the experiment. 

 

 

  
(a) (b) 

  

 
(c) 

 

Figure 8. Variation of; (a) off potential, (b) current density, and (c) frequency over 14 days of PICCP system 

operation 

 

 

The comprehensive surface characterization of the steel specimen protected by the PICCP system, 

encompassing 2D morphology, 3D model reconstruction, and topographic profiling, is presented in Figure 9. 

Specifically Figure 9(a) presents the surface morphology of the metal sample at 80× magnification. The 

surface appears generally uniform and smooth, with no evidence of deep corrosion pits or delamination of the 

protective layer. The presence of fine gray patterns across the surface indicates the formation of a thin oxide 

film, likely produced by mild electrochemical reactions during system operation. The absence of cracks or 

localized damage confirms that the PICCP system effectively maintained protective performance throughout 

the testing period.  

Figure 9(b) is a three-dimensional model of the metal sample surface reconstruction based on the 

depth measurement data. The surface appears flat with smooth contours and uniform elevation changes up to 

a range of 174 µm. This condition shows that the pulsed current with fuzzy logic control was able to keep the 

protection potential stable, which controlled the corrosion reaction and stopped the metal surface from 

eroding too much. Uniformity of the area indicates the system's success in maintaining an even distribution 

of protective current across the entire test surface.  

Figure 9(c) presents the three-dimensional topographic profile of the metal surface after treatment 

with the PICCP system. The surface remains relatively uniform, with a maximum height variation of 

approximately 174.72 µm. Minor surface fluctuations observed on the profile indicate acceptable  
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micro-irregularities resulting from normal electrochemical reactions during protection. The uniform color 

distribution across the 3D map further confirms stable protection without significant crust formation or 

localized corrosion. 

 

 

  
(a) (b) 

  

 
(c) 

 

Figure 9. Surface morphology analysis of the steel specimen using an optical microscope; (a) 2D surface 

image, (b) 3D surface profile, and (c) surface roughness measurement 

 

 

3.2.1. System performance comparison 

A comprehensive comparison between the PICCP system with fuzzy logic control and the 

conventional ICCP system, focusing on protection stability and current consumption over the 14-day 

experimental period, is summarized in Figure 10. Specifically, Figure 10(a) compares the performance of the 

PICCP system with fuzzy logic control against the conventional ICCP system over 14 days. The PICCP 

system maintained the off-potential consistently within the protection range of −1100 mV to −850 mV, as 

indicated by the gradual and stable decline of the red curve. This demonstrates the system’s ability to adapt 

effectively to variations in soil conditions. In contrast, the ICCP system (green curve) exhibited a sharper 

decline, falling below the −850 mV protection threshold, which indicates a shorter protection duration and a 

higher risk of underprotection leading to corrosion. These results confirm that the adaptive control strategy 

implemented in the PICCP system ensures better potential stability and sustained corrosion protection 

throughout the testing period.  
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Figure 10(b) illustrates the current density comparison between the ICCP and PICCP systems. The 

PICCP system maintained a relatively stable current density of approximately 1 mA throughout the 14 days, 

exhibiting only minor fluctuations. In contrast, the ICCP system operated at significantly higher current 

levels, ranging between 9 and 10 mA, with a gradual increase observed during the mid and final phases of the 

experiment. This indicates that the PICCP system achieved equivalent corrosion protection with substantially 

lower current consumption, demonstrating improved energy efficiency and reduced risk of overprotection. 

The stability of the PICCP current further reflects the effectiveness of the fuzzy logic controller in adapting 

to variations in soil conditions, whereas the ICCP system required higher current levels to maintain adequate 

protection. 

 

 

 
(a) 

 

 
(b) 

 

Figure 10. Comparison between ICCP and PICCP systems over 14 days; (a) off potential and (b) current 

density measurements 

 

 

4. CONCLUSION 

The results of this study confirm that the PICCP system integrated with fuzzy logic control provides 

superior stability and energy efficiency compared to the conventional ICCP system. Over a 14-day evaluation 

period, the PICCP system consistently maintained the off-potential within the optimal protection range of 

−1100 to −850 mV, while the ICCP system dropped below −850 mV by the eighth day, indicating 

insufficient protection. In terms of current consumption, the PICCP system required only 0.74–0.80 mA, 

significantly lower than the 9–10 mA needed by ICCP, representing nearly a tenfold improvement in energy 

efficiency and a reduced risk of overprotection. By integrating pulse current modulation with intelligent 
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fuzzy logic control, the PICCP system demonstrated effective adaptability to varying soil conditions and 

sustained metal protection. These outcomes validate its potential as a more reliable and energy-efficient 

alternative for modern cathodic protection applications. 

However, this study has several limitations despite its promising results. Please note that the terrain 

sample set was taken over a brief 14 days’ timeframe and strictly from humus soil, which likely would not 

accurately reflect long term performance and variability of field application chemistries. Further studies are 

needed that analyze the longevity of the system over a wider range (in terms of soil types) and for wider parts 

of the world, especially considering clay or sandy soil types with different moisture differences. Moreover, 

incorporation of internet of things (IoT) features to allow remote real-time monitoring and other advanced 

optimization algorithms could further contribute to the practical implementation and intelligence of PICCP 

system. 
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