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          Magnetic flux leakage (MFL) detection testing is a widely used inspection method for detecting pipeline defects by sensing the magnetic flux leaked from defects. Various magnetic sensors have been studied for applications in MFL detection testing, with Hall sensors being the most commonly used because of their wide dynamic ranges. However, owing to their low sensitivity, Hall sensors exhibit limitations in detecting small defects. We developed an orthogonal fluxgate (OFG) sensor that maintains an appropriate dynamic range for an MFL magnetic environment while achieving high sensitivity. The OFG sensor consists of an excitation coil with an Fe-based amorphous ribbon core and a pickup coil that detects the output voltage induced by the excitation coil. We determined the sensitivity and dynamic range of the sensor by optimizing the shape of the core, which is influenced by shape anisotropy. By adjusting the OFG sensor core length (2 mm, 4 mm, 6 mm) and thickness (50 μm, 150 μm), we confirmed a tradeoff between sensitivity and dynamic range. As a result, we developed an OFG sensor with a dynamic range of ±3 mT and a high sensitivity of 3,130 V/T. Furthermore, the application of the OFG sensor in MFL detection testing successfully detected defects and confirmed its suitability for such applications.
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      1. INTRODUCTION
      Pipeline transportation is essential to ensure a stable supply of oil and natural gas. However, the formation of defects in pipelines can result in substantial economic losses and lead to severe consequences such as environmental contamination and safety incidents [1]. Consequently, regular monitoring of pipeline conditions is imperative. Early detection of defects and the formulation of maintenance plans are essential [2].

      Nondestructive testing (NDT) techniques are essential for evaluating pipeline conditions and offer the significant advantage of detecting defects without damaging or disassembling pipeline structures [3]. Among the various NDT methodologies, magnetic flux leakage (MFL) detection testing is widely used for pipeline defect detection. MFL detection testing involves the magnetization of a ferromagnetic pipe and subsequent detection of changes in the magnetic field that leaks from pipe defects. This technology enables rapid and efficient inspection of large-scale structures and serves as a standard inspection method in various industrial sectors including oil and gas pipelines [4].

      Currently, Hall sensors are the most commonly used sensors for MFL detection testing. Hall sensors have been widely adopted because of their cost-effectiveness and wide dynamic ranges. However, their low sensitivity limits their ability to detect minor magnetic field variations caused by defects. These limitations increase the risk of unexpected accidents during extended pipeline operation. Therefore, the development of extremely sensitive magnetic sensors is required for precise defect detection [5].

      In this study, we aimed to develop an orthogonal fluxgate (OFG) sensor as a high-sensitivity alternative to existing Hall sensors and address the sensitivity limitations of Hall sensors. The OFG sensor demonstrates a tradeoff between sensitivity and dynamic range, which depends on the shape of the magnetic core. By optimizing the design of the OFG sensor, a dynamic range suitable for an MFL testing environment can be achieved. Additionally, we propose the development of an optimized OFG sensor capable of detecting defects with significantly higher sensitivity than that of conventional Hall sensors.

      The remainder of this paper is organized as follows. Chapter 2 presents the measurement of the magnetic field levels in an MFL magnetic environment. Chapter 3 details the design of a high-sensitivity OFG sensor with a dynamic range suitable for measuring magnetic field levels. Chapter 4 analyzes the properties of the optimized OFG sensor and the results obtained from the MFL detection testing. Finally, Section 5 presents the conclusions of this study.

    

    

  
    
      2. MFL MAGNETIC ENVIRONMENT
      
        2.1 MFL Detector Lab Test Version
        MFL detection testing is based on applying a DC magnetic field to a pipe and measuring the magnetic flux that leaks from defects. By accurately measuring the magnetic field levels required in the MFL magnetic environment, the sensor’s dynamic range can be defined, and the sensor can be optimized accordingly. 

        In this study, an MFL detector lab test version was constructed based on the laboratory environment shown in Fig. 1. The system consists of an electromagnet, test pipe, and sensor module. The electromagnet and sensor module were fixed, and a test pipe was passed through for the detection of defects.

        
          
          

          Fig. 1. 
				
          

          
            Structure of MFL detector lab test version
          
          

          

        

        Fig. 2 shows a simplified model of the MFL detector lab test version structure with and without defects. It consists of an electromagnet, magnetic sensor, and pipe. A direct current was applied to the electromagnet to magnetize the pipe, and the Hall sensor measured the leaked magnetic field.

        
          
          

          Fig. 2. 
				
          

          
            Principle of MFL sensor : (a) without defect and (b) with defect
          
          

          

        

        As shown in Fig. 2 (a), when no defects were present in the pipe, the magnetized magnetic flux flowed uniformly inside the pipe. At this point, a small offset in the magnetic flux leaks near the pipe surface. This magnetic offset can be used as a baseline to represent the magnetic field level of the desired MFL magnetic environment. As shown in Fig. 2 (b), when a defect exists in the pipe, the magnitude of the leaked magnetic field increases and provides defect detection through the amplitude change in the leaked magnetic field between the baseline and the defect.

      

      
        2.2 MFL Magnetic Level
        Using the constructed MFL detector lab test version, we applied a magnetic field to the pipe and measured the magnetic field leakage. The defects in the test pipes consisted of internal and external defects at depths of 50% and 10% of the pipe thickness. Fig. 3 shows the changes in the magnetic field leakage over time after using an electromagnet to apply a DC magnetic field of 0–25 mT to each test pipe. At this time, the TMAG5170 Hall sensor was applied to the MFL detector lab test version to acquire data via SPI communication.

        
          
          

          Fig. 3. 
				
          

          
            Measurement results of MFL detector using hall sensor: (a) 50% internal, (b) 10% internal, (c) 50% external, (d) 10% internal, and (e) no defect
          
          

          

        

        Fig. 4 (a) shows the amplitude of the magnetic field caused by the defects according to the DC magnetic field intensity applied inside the pipe. The amplitude is the difference between the leaked magnetic field of the baseline and that of the defects. This value represents the actual signal strength and is directly related to defect detection. We confirmed that defects could be detected by applying a magnetic field of 5 mT or higher, as the leaked magnetic field increased with an increase in the magnetic field intensity above 5 mT.

        
          
          

          Fig. 4. 
				
          

          
            Analysis graph of MFL detection testing results : (a) MFL magnetic level and (b) difference of leakage magnetic flux density
          
          

          

        

        Additionally, applying a sufficient magnetic field of 15 mT or higher ensured more reliable defect signals. Fig. 4 (b) shows the magnetic field that leaked from the pipe as the DC magnetic field intensity applied inside the pipe increased linearly with an increase in the DC magnetic field intensity regardless of the defect type. The stronger the applied DC magnetic field, the larger the leaked magnetic field, which means that higher magnetic field intensities facilitate defect detection.

        Through this analysis, we determined the magnetic field levels required for MFL detection testing. We confirmed that applying a strong DC magnetic field of 15 mT or higher provided accurate defect detection. When a DC magnetic field intensity of 15 mT was applied to the pipe, the leaked magnetic field was 3 mT. This study aimed to optimize an OFG sensor with a dynamic range of 3 mT and high sensitivity.

      

    

    

  
    
      3. SENSOR DESIGN
      
        3.1 Structure and Operating Principle of OFG sensor
        The OFG sensor consists of a ferromagnetic core, excitation coil, and pickup coil as shown in Fig. 5. The ferromagnetic core is a key component that determines the sensitivity of the sensor by reacting sensitively to external magnetic fields.

        
          
          

          Fig. 5. 
				
          

          
            Structure of OFG sensor
          
          

          

        

        When an alternating current Iex(t) flows through the excitation coil, a time-varying magnetic field H∅(t) is generated around the core. This magnetic field periodically fluctuates in the Φ-direction of the core, and according to one of Maxwell’s equations,
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        it induces the magnetic flux density B within the core.

        When an external magnetic field in the z-direction perpendicular to the excitation is detected, the rotation of the magnetization induces a voltage in the pickup coil. This configuration is termed “orthogonal” because the direction of the core’s magnetization and the detection direction are orthogonal to each other.

        The OFG sensor output equation

        
          
            
              	
                
                  
                    
                      
                        V
                      
                      
                        o
                        u
                        t
                      
                    
                    =
                    -
                    N
                    A
                    
                      
                        μ
                      
                      
                        0
                      
                    
                    H
                    
                      
                        1
                        -
                        
                          
                            N
                          
                          
                            d
                          
                        
                      
                      
                        
                          
                            
                              
                                1
                                +
                                
                                  
                                    N
                                  
                                  
                                    d
                                  
                                
                                
                                  
                                    
                                      
                                        μ
                                      
                                      
                                        r
                                      
                                    
                                    -
                                    1
                                  
                                
                              
                            
                          
                          
                            2
                          
                        
                      
                    
                    
                      
                        d
                        
                          
                            μ
                          
                          
                            r
                          
                        
                        
                          
                            t
                          
                        
                      
                      
                        d
                        t
                      
                    
                  
                
              
              	
                (2) 
				
              
            

          

        

        highlights the critical role of the core’s relative permeability μr(t) and demagnetizing factor(Nd) in determining the sensor’s sensitivity and dynamic range. The relative permeability μr(t) dynamically changes during the magnetization and demagnetization process driven by the excitation coil’s alternating current. This change directly influences the sensor output, as a higher rate of permeability variation, (dμrtdt , generates a stronger voltage signal in the pickup coil. The demagnetizing factor, Nd, which is determined by the geometry of the core (length and thickness), modulates the internal magnetic field distribution, controls the efficiency of the core magnetization, and reaches saturation.

        The sensitivity and dynamic range of the OFG sensor were determined by the number of turns in the pickup coil and the thickness, permeability, and shape of the ferromagnetic core.

      

      
        3.2 Optimization of OFG Sensor
        The OFG sensor core shape is a critical factor determining its sensitivity and dynamic range. Specifically, the core length and thickness significantly influence the permeability changes, saturation characteristics, and shape anisotropy during magnetization–demagnetization. The permeability of the magnetic core is a key parameter that determines the ease of formation and maintenance of magnetization within the core when an external magnetic field is applied.

        To optimize the sensor performance, we selected the following core dimensions to systematically explore their effects on sensitivity and dynamic range: core lengths of 2 mm, 4 mm, and 6 mm, and core thicknesses of 50 μm and 150 μm. The core length significantly affects the effective magnetization path; shorter cores reduce the demagnetizing effects and delay saturation, leading to a wider dynamic range but lower sensitivity. Conversely, longer cores exhibit higher sensitivity owing to faster saturation but at the cost of a narrower dynamic range. The core thickness affects the internal magnetic flux density; thinner cores concentrate the magnetic flux and enhance the sensitivity, whereas thicker cores distribute the flux more evenly, thereby increasing the dynamic range. We chose these dimensions carefully to provide a comprehensive analysis of the tradeoff between sensitivity and dynamic range, enabling the optimization of the OFG sensor for applications in MFL testing.

        As the core length increases, the overall magnetization path increases. Consequently, maintaining a uniform magnetization state within the core is difficult, which makes it more prone to saturation. Reaching the saturation region more quickly increases the sensitivity. However, once saturation is achieved, the permeability decreases sharply, resulting in a non-linear response to external magnetic fields and a narrowing of the dynamic range.

        At this stage, the shape of the core facilitates magnetization in the pre-saturation region. According to Maxwell, the magnetic flux density B and the magnetic field H inside a core are related as
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        where μr represents the relative permeability, which varies depending on the spin alignment within the core; factors such as the core’s length, thickness, and shape anisotropy are key determinants of this property. In other words, in the pre-saturation region, μr remains high, making it easier for the core to become magnetized by external fields. However, near the saturation point, where spins are maximally aligned, μr decreases sharply, making it difficult to further increase magnetization. Consequently, this leads to the aforementioned non-linear behavior and a reduction in the dynamic range.

        Increasing the core thickness resulted in a low magnetic flux density within the core under the same external magnetic field conditions, requiring a significantly stronger magnetic field to reach saturation, thereby extending the dynamic range. However, because the changes in the magnetic flux density within the core became gradual, the sensitivity decreased.

        To optimize the OFG sensor, we evaluated the sensitivity and dynamic range based on the core shape by setting the core length (l) and thickness (d) as parameters as shown in Fig. 6. The core length (l) was set to 2 mm, 4 mm, and 6 mm, and the thickness (d) was set to 50 μm and 150 μm. The ferromagnetic core was constructed using an Fe-based amorphous ribbon. As shown in Fig. 7, the excitation coil was 120-μm copper wire with 20 turns wound in the z-direction around the configured core, and the pickup coil was 50-μm copper wire with 500 turns wound in the Φ-direction.

        
          
          

          Fig. 6. 
				
          

          
            Optimization parameter of OFG sensor
          
          

          

        

        
          
          

          Fig. 7. 
				
          

          
            Optimized design of OFG sensor
          
          

          

        

      

    

    

  
    
      4. EXPERIMENTAL RESULT
      
        4.1. Experimental Results of OFG Sensor
        Fig. 8 shows a block diagram of the setup designed to measure the output changes in the OFG sensor in response to external magnetic fields. Alternating current from a function generator was applied to the excitation coil to magnetize the core. Simultaneously, a uniform DC magnetic field was applied through a Helmholtz coil, and the output voltage signal obtained via an oscilloscope was monitored.

        
          
          

          Fig. 8. 
				
          

          
            Block diagram of setup for OFG sensor properties test
          
          

          

        

        Fig. 9 (a) shows the changes in the output voltage according to the core length when an external magnetic field was applied. When the core length was 2 mm, the sensitivity was extremely low at 213 V/T. Although its dynamic range was wide, it was difficult to obtain sufficiently large output signals. When the core length was 4 mm, the sensitivity increased to 5,040 V/T, and at 6 mm it reached 7,390 V/T owing to the rapid saturation. However, the dynamic range narrowed to ±1.5 mT at 4 mm and ±1 mT at 6 mm. 

        
          
          

          Fig. 9. 
				
          

          
            Measurement results of OFG sensor properties : (a) core length and (b) core thickness
          
          

          

        

        To further validate these findings, the sensor sensitivity S was quantified using the relationship
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        where Vout is the output voltage measured at the pickup coil and Bext is the external magnetic field applied. A higher S value indicates a steeper slope of the Vout versus Bext curve, implying that the sensor can detect slight changes in the magnetic field more effectively. In this context, the dynamic range DR may be defined as the field range over which the sensor output maintains a sufficiently linear or stable response.

        One way to approximate the DR is to identify the onset of saturation, Hsat, and use a proportional measure such as
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        Increasing the core length accelerates the approach to saturation, thus boosting S but narrowing the DR. In contrast, shorter cores delay saturation, resulting in a wider DR but lower sensitivity. These trends highlight the tradeoff between sensitivity and dynamic range dictated primarily by the ability of the core to reach saturation.

        Fig. 9 (b) shows the changes in the output voltage based on the core thickness when an external magnetic field was applied. When the core thickness was 50 μm, the sensitivity was 7,390 V/T. When the core thickness was increased to 150 μm, the sensitivity decreased to 3,130 V/T. However, a larger thickness allowed the core to accommodate more magnetic field before reaching saturation, thereby extending the dynamic range from ±1 mT to ±3.5 mT.

        The experimental results confirmed that, as the core length increased, the sensitivity increased, whereas the dynamic range narrowed. In addition, as the core thickness increased, the sensitivity decreased, but the dynamic range expanded. An OFG sensor with high sensitivity and a dynamic range of ±3 mT or higher, suitable for the MFL magnetic environment was optimized. Our developed OFG sensor with a 6-mm core length and 150-μm core thickness achieved a dynamic range of ±3.5 mT and a high sensitivity of 3,130 V/T.

      

      
        4.2. Experimental Results of MFL testing
        In this study, we applied an optimized OFG sensor to an MFL magnetic environment to verify defect detection. Fig. 10 shows the MFL test results for each type of pipe defect in a 3D graph. The x-axis represents the time, the y-axis represents the output voltage, and the z-axis represents the changes in the DC magnetic field intensity applied to the pipe.

        
          
          

          Fig. 10. 
				
          

          
            Measurement results of MFL detector using OFG sensor : (a) 50% internal, (b) 10% internal, (c) 50% external, and (d) 10% external
          
          

          

        

        To quantitatively link the leakage flux to the applied DC flux, the total magnetic flux in the vicinity of the defect can be modeled as
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        where BDC is the uniformly applied DC magnetic field and Bleak represents the localized flux disturbance caused by the defect.

        From Maxwell’s equations, particularly ∇·B = 0 and ∇·H = J, any discontinuity in the material alters the local permeability, causing the magnetic field lines to redistribute and form leakage flux.

        As shown in Fig. 10 (a), because of the large defect depth, the leaked magnetic field detected by the sensor distinctly increased. When the DC magnetic field intensity was varied stepwise, defect detection became clearer. In Fig. 10 (b), defect identification was possible; however, the range of change in the leaked magnetic field was small owing to the small defect size.

        As shown in Fig. 10 (c), as the magnetic field leakage occurred at the external surface of the pipe, distinct defect detection was confirmed, and as shown in Fig. 10 (d), defect identification was also possible. However, a shallow defect depth resulted in a lesser-leaked magnetic field and a more gradual change in the output voltage.

        This study confirmed that the leaked magnetic field was clearly measured as the DC magnetic field intensity applied to the pipe gradually increased. This proves that the dynamic range and high sensitivity of the OFG sensor can be employed in MFL magnetic environments.

      

    

    

  
    
      5. CONCLUSION
      We confirmed that a tradeoff exists between the sensitivity and dynamic range of an OFG sensor by adjusting its core length and thickness. We measured the dynamic range suitable for an MFL testing environment and designed and fabricated an appropriate OFG sensor.

      As a result, we confirmed sensor properties with a ±3.5-mT dynamic range and a sensitivity of 3,130 V/T, and defect detection was verified when the OFG sensor was applied to MFL testing.

      In future studies, we plan to explore a variety of core materials and coil configurations to further optimize the sensor design. We will also pursue multicoil configurations that consider core thickness geometry and demagnetizing factors, aiming to maximize the sensitivity before reaching saturation while simultaneously expanding the dynamic range.

      By improving the sensitivity of the sensors used for MFL, it is possible to detect defects at preliminary stages, such as initial corrosion or microcracks, contributing to pipeline maintenance and accident prevention.
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