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Abstract

:

In this study, the performance of a current sensor based on giant magnetostrictive materials (GMM) and fiber Bragg grating (FBG) has been improved by optimizing the spectral characteristics of gratings. By analyzing the influence of FBG on the current sensor characteristics, three key parameters (gate region length, refractive index modulation depth, and toe cutting system) are selected for optimization. The optimal grating parameters are determined to improve the linearity and sensitivity of sensor output. Experimental tests reveal that after grating optimization, the current sensor shows excellent performance parameters, including a linearity of 0.9942, sensitivity of 249.75 mV/A, and good stability in the temperature range of 0–60 °C. This research can provide a reference for improving the grating design and performance of existing GMM-FBG current sensors.
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1. Introduction


With the expansion of smart grid systems, traditional electromagnetic current transformers are evolving into electronic current transformers and optical current sensors that are cost-effective, consume less power, and can be easily miniaturized and installed [1,2,3,4]. Owing to considerable changes in the amplitude and frequency of grid current signals, traditional current transformers can no longer meet the requirements for installing massive nodes in an entire grid network [5,6,7,8]. Current sensors combining giant magnetostrictive material (GMM) [9,10,11] and fiber Bragg grating (FBG) technology [12,13] can be used to perform broadband, high-precision, passive, and non-contact measurements of current signals [14,15,16]. However, since FBG is highly sensitive to external forces and temperature, these sensors are easily affected by changes in external temperature; thus, temperature compensation strategies must be implemented.



Several temperature compensation methods have been applied to GMM-FBG current sensors, which are based on temperature-independent sensing systems [17], same sensing elements [18,19], different sensing elements [20,21], and optimization algorithms [22]. Some scholars have proposed a double-grating intensity demodulation system by using FBG as the sensing element and demodulation element to realize temperature-independent measurements of current signals [23,24,25,26]. This temperature compensation system has a wide measurement frequency range, simple structure, and low cost; however, grating parameters significantly influence its sensing performance. Furthermore, no systematic study has been conducted for optimizing grating parameters in order to improve the performance of GMM-FBG sensors. For example, in a previous study, although the characteristics, linearity, and wavelength range of the spectral overlap area curve have been directly associated with sensor performance, the overlap area curve is determined using basic spectrum parameters [27]. Therefore, to design, develop, and improve the performance of existing GMM-FBG current sensors, it is necessary to determine the relationship between FBG parameters and sensor output characteristics.



In view of this, this study analyzes the effect of FBG on the current sensor characteristics. Based on the coupling mode theory, three key parameters (gate region length, refractive index modulation depth, and toe cutting system) have been observed to control the spectral morphology of the grating. Furthermore, the influence of these parameters on the spectral superposition area is studied using a numerical calculation method. By analyzing the variation curves of the superimposed spectral area under different parameters, the customized parameters of the sensor and reference FBG are determined to improve the linearity and sensitivity of the sensor output.




2. Sensor Working Mechanism


2.1. Influence of FBG on Sensor Characteristics


By introducing a reference FBG, the GMM-FBG current sensor establishes the relationship between the input signal and superimposed light intensity of the reflection spectrum of the two gratings. Subsequently, the light intensity is demodulated to detect the measured signal. In this entire process, the variation characteristics of the superimposed area in the reflection spectra of the sensing grating and reference grating (low superimposed light strength) control the sensor output performance, while the spectral morphology of FBG reflection affects these variation characteristics. Therefore, the output characteristics of the sensor are closely related to the spectral morphology of the two gratings (Figure 1).



Figure 1a,b show the superposition areas of two spectra at different spectral reflectivities and bandwidths. Figure 1c shows that the spectral center wavelength λ1 remains unchanged after toe cutting, while the grating center wavelength λ2 exhibits the same input-output curve. Since the initial superposition areas (b1 and b2) of the spectrum are different in these two cases, different sensor output amplitudes are observed when the input signal is zero. In Figure 1b, the variation in superimposed area is large, and the input-output curve of the sensor is steeper than that in Figure 1a. Since the reflectance change curve at one end of the spectrum is not linear, the change trend of the superimposed area of the two spectra after the grating shifts to the right is represented by a curve with high linearity, as shown by the black curve in Figure 1c. The fitted input-output curve is shown in red in Figure 1c, where k1 > k2. Figure 1a,b show that there is a significant sidelobe effect in the grating reflection spectrum, which further reduces the linearity of the input-output curve in Figure 1c. A sidelobe is observed in the grating spectrum because grating refractive index modulation begins and ends abruptly. To ensure that this modulation exhibits a certain functional form, the grating is subjected to toe cutting. Figure 1d,e show the distribution of the superimposed area and the input-output curve after toe cutting, respectively. The spectra are significantly reduced at the side lobe after toe cutting, which makes the change in superimposed area more linear under the same condition; that is, the linear fit degree of y3 is higher than that of y1.



From the above analysis, it can be concluded that the spectral reflectance and bandwidth of a single FBG control the maximum value of the superimposed spectral area and the linear fit degree of the input-output curve, thus affecting the output amplitude and linearity of the sensor. Depending on whether toe cutting is performed and the toe cutting system employed, the output linearity of the sensor is altered due to a change in the number of sidelobes on both sides of the spectrum.




2.2. Coupled Mode Theory


Essentially, the shape of an FBG reflection spectrum is determined by its customized parameters including gate region length, refractive index modulation depth, and post-processing method. Therefore, this section simulates the spectral shape of a single grating based on the coupled mode theory and elucidates the variation law of superimposed spectral area under different parameters with the help of numerical calculation methods. Thus, a relationship between the customized parameters of FBG and sensor output characteristics is established, and a parameter selection scheme that can improve sensor performance is proposed.



FBG causes a coupling between two reverse modes, namely, the fiber core modes propagating along the z-axis and -z direction. Assuming that the amplitude of the mode propagating along the z-axis is A and the amplitude of the mode propagating along -z is B, the simplified coupled-mode theory of FBG can be obtained by considering only the coupling between these two core modes [28].


    d A   d z   = j k B  e  − j 2 δ z    



(1)






    d B   d z   = − j  k *  A  e  j 2 δ z    



(2)




where   δ = β − π / Λ  ,   k = ( π / λ )     δ n  ¯    e f f    , β is the propagation constant, λ is the grating period, k is the coupling coefficient of z-axis and -z-axis modes, and       δ n  ¯    e f f     represents the change in refractive index at different positions.



Equations (1) and (2) are differential equations of A and B, respectively. If the length of the gate region is L, then z = 0, A = A(0), z = L, and B = B(L) are the boundary conditions of the system of equations. When    k 2  >  δ 2   , the solution of this system of equations is:


  A ( z ) =  e  − j δ z      {  s cosh ( L − z ) − j δ sinh  [  s ( L − z )  ]   }  A ( 0 ) −  e  − j δ L   j k sinh ( s z ) B ( L )   s cosh ( s L ) − j δ sinh ( s L )    



(3)






  B ( z ) =  e  j δ z     j  k *  sinh  [  s ( L − z )  ]  A ( 0 ) +  e  − j δ L    [  s cosh ( s z ) − j δ sinh ( s z )  ]  B ( L )   s cosh ( s L ) − j δ sinh ( s L )    



(4)




where    s 2  = k  k *  −  δ 2  =  k 2  −  δ 2   . Generally, it is advised that A(0) = 1 and B(L) = 0, which ensures that the FBG reflectance is:


  R =    P B  ( 0 )    P A  ( 0 )   =      |  B ( 0 )  |   2       |  A ( 0 )  |   2    =   k  k *    sinh  2  ( s L )    s 2    cosh  2  ( s L ) +  δ 2    sinh  2  ( s L )    



(5)







Although the two modes that were coupled in FBG are both fiber core modes, they tend to propagate under a phase matching condition of δ = 0, which corresponds to maximum reflectance and maximum transmittance.


   R  max   =   tanh  2  ( k L )  



(6)







The zero-value bandwidth of both sides of the grating reflection spectrum can be obtained by using the reflectance formula in Equation (5):


  Δ λ =   2  λ C   N    1 +   (   k L  π  )  2     



(7)




where    λ C    is the wavelength corresponding to the reflectance amplitude of the grating reflection spectrum, and N = L/ Λ  represents the period number of the FBG under a phase matching condition of δ = 0,   β − π / Λ = 0  . By combining this equation with the propagation constant and the effective refractive index   β = 2 π  n  e f f   / λ  , the center wavelength λC of grating reflection spectrum can be deduced as follows:


   λ C  = 2  n  e f f   Λ  



(8)







The above-mentioned equations have been derived based on the coupled mode theory. The reflection spectrum of FBG is closely related to the gate region length L,       δ n  ¯    e f f    , and the function associated with the toe cutting system   σ ( z )  . Figure 2 shows the reflection spectra of FBG not subjected to toe cutting at an L of 5 mm, 10 mm, 5 mm, and 10 mm and       δ n  ¯    e f f     of 1 × 10−4, 1 × 10−4, 5 × 10−4, and 5 × 10−4, respectively. To visualize the morphological changes in the spectra at different parameters, the central wavelengths of the four spectra are set differently.





3. Sensor Design and Optimization


Based on the coupled mode theory, the influences of FBG gate length, refractive index modulation depth, and toe cutting function on the spectral morphology of a single grating were analyzed. Furthermore, MATLAB software was used to study the variation in the superimposed area of the two spectra to determine the FBG customized parameters that can improve the sensor characteristics.



3.1. Effect of Grating Length on Sensor Characteristics


According to Equations (5) and (7), the reflectance amplitude Rmax and bandwidth ∆λ of a single grating spectrum are closely related to the grating gate region length L. Figure 3 shows the curve of the reflection spectrum Rmax versus ∆λ when L increases from 1 mm to 30 mm at a refractive index modulation depth of 1 × 10−4. Rmax increases significantly when L increases from 1 mm to 10 mm and then increases slowly until L exceeds 20 mm, after which the curve exhibits a stationary state and Rmax remains at 0.9999. Meanwhile, ∆λ decreases significantly when L increases from 1 mm to 10 mm, after which it decreases slowly. When L is greater than 25 mm, ∆λ remains at 0.05. Although both Rmax and ∆λ have important effects on spectral morphology, their optimum values cannot be maintained at the same L. Therefore, it is necessary to determine the L value at which Rmax and ∆λ can be maintained at suitable levels from the perspective of sensor output characteristics.



Figure 3 shows that the range of L is reduced to 1–15 mm. The initial spectral center wavelength of the sensing and reference grating was set as 1549.85 nm and 1550 nm, respectively. The reference grating was kept stationary, and the center wavelength of the sensing grating was shifted from 1549.85 nm to 1550 nm with a step size of 0.002 nm. The curve of the superimposed area of the two spectra was studied when the spectral center wavelength of the sensing grating increased. Figure 4a shows the change curve of the superimposed area of reference spectrum and sensing spectrum under different L values.



Figure 4 shows that the change curve of the superimposed area corresponding to each gate region length is symmetrically distributed. After the central wavelength of the sensing grating spectrum is offset by 0.15 nm, the superimposed area reaches its maximum value; however, this is only true when the central wavelength of the sensing grating spectrum is the same as that of the reference grating spectrum. In Figure 4a, the superimposed area on the left side of the curve gradually increases with the movement of the sensing grating spectrum. There is a linear positive correlation between the input and output of the sensor within this area, which represents the actual operating area of the sensor. The variation rule of the curve at this side is analyzed as follows:



When L increases from 1 mm to 15 mm, Rmax increases and ∆λ decreases continuously. Although Rmax changes when the central wavelength does not shift, the spectral reflectance at the left side of the spectrum changes less than that at the right side. The superimposed area is primarily controlled by the spectral bandwidth ∆λ. Meanwhile, the maximum value of the superposition area of the two spectra decreases continuously; that is, when the sensing grating offset is zero, the corresponding output value decreases continuously with an increase in L. When L increases from 1 mm to 9 mm, amplitude of the superposition area curve increases gradually; then, the rate of increase rises due to the superposition area being located at the center of the two phases with maximum spectral wavelength. Moreover, the superposition area depends on the form of a single spectrum, while Rmax and ∆λ increase and decrease the superposition area, respectively. Meanwhile, the impact of Rmax changes on the superposition area is greater than the impact of ∆λ changes. Therefore, the slope of the change curve of the superimposed area increases with a rise in the amplitude of the superimposed area. When L increases from 10 mm to 15 mm, the changes in Rmax and ∆λ are relatively moderate, and the initial value and amplitude of the superposition area do not change significantly; meanwhile, Rmax is large, ∆λ is small, and the spectral shape is high and narrow. The upper part of the curve exhibits a bending radian, which is different from the linear fitting degree. Figure 4b shows that when L  ≥  10 mm, the slope of the curve is approximately 80 and its linearity is higher than 0.99. Meanwhile, linearity is the highest when L = 10 mm. Therefore, considering the amplitude characteristics and linearity of the sensor, the length of the grating region L is selected as 10 mm.




3.2. Effect of Grating Refractive Index Modulation Depth on Sensor Characteristics


During the fabrication of FBG, the refractive index modulation depth can be categorized as strong, medium, and weak, with sizes of 1.2 × 10−3, 1.2 × 10−4, and 1 × 10−5, respectively. According to Equations (5) and (7), the individual spectral reflectance amplitude and bandwidth are directly related to the refractive index modulation depth. Therefore, the refractive index modulation depth can affect the morphology change of a single spectrum, thereby influencing the change in the superimposed area of the two spectra and affecting the output characteristics of the sensor. In this section, the influence of refractive index modulation depth on sensor output characteristics is studied.



Figure 5 shows the variation curves of spectral reflectance amplitude Rmax and bandwidth ∆λ with the refractive index modulation depth at L = 10 mm. The variation trends of Rmax and ∆λ with the refractive index modulation depth are evidently different: Rmax first increases rapidly when the refractive index modulation depth changes from weak to strong, and it enters a saturation state when the refractive index modulation depth exceeds 30 × 10−5, although ∆λ keeps increasing with a rise in refractive index modulation depth. Therefore, when the refractive index modulation depth is larger, Rmax can increase and maintain the value of ∆λ, thereby increasing the superposition area of the two spectra under the same conditions and improving the amplitude characteristics of the sensor. Therefore, FBG with a strong refractive index modulation depth is selected as the experimental FBG.



Figure 6 shows the variation curves of the spectral superposition area with the translation distance of sensing grating when the refractive index modulation depth of the grating is categorized as medium (1.2 × 10−4) and strong (1 × 10−3) when L = 10 mm. The amplitude of the superposition area of the grating refractive index is significantly larger than that of the medium modulation, while the other characteristics do not change significantly. It is established that the enhanced refractive index modulation depth of the grating can increase the amplitude of the superposed area of the sensing spectrum and the reference spectrum, thus improving the output amplitude characteristics of the sensor.




3.3. Effect of Grating toe Cutting Mode on Sensor Characteristics


The toe cutting function is equivalent to the window function in the digital filter. Although the toe cutting will lead to an uneven refractive index modulation of the grating; however, a certain functional form can prove beneficial to enhancing the edge mode suppression and improving the spectral characteristics. Common toe cutting functions include Gauss toe cutting function, Hamming toe cutting function, Blackman toe cutting function, Tanh toe cutting function, Sinc toe cutting function, and Cauchy toe cutting function. Toe cutting of a uniform grating can inhibit spectral sidelobes, which can improve the output performance of the sensor by improving the linearity associated with the change curve of the superimposed area of the two reflection spectra. However, with the introduction of the toe cutting function   σ ( z )  , the solution of the coupled mode equation cannot be obtained analytically, and the spectral distribution of the coupled mode equation needs to be analyzed numerically. In this section, the entire FBG is equally divided into uniform small segments by using the transmission matrix method, and the refractive index modulation of each segment of the grating can be regarded as the constant amplitude modulation with   σ ( z )   being constant. Moreover, the solution associated with the coupling mode equation of the grating can be obtained. By studying the influence of the toe cutting system on the single spectrum and the superimposed area of the two spectra, toe cutting can improve the output characteristics of the sensor.



Figure 7 shows the reflection spectra of FBG after toe cutting with different methods. After setting reasonable parameters, each toe cutting system has a certain inhibitory effect on the spectral sidelobes of the grating, which is reflected by the reduction in the number and amplitude of sidelobes; however, the inhibitory effect is different. From the figure, we can determine the decreasing order of the side-lobe suppression effect of the toe cutting functions: Blackman, Hamming, Gauss, Tanh, Cauchy, and Sinc function. The stronger the sidelobe suppression effect, the higher the linearity of the spectral superimposed area change curve; this improves the linearity of the sensor output. When the sidelobe is suppressed, the amplitude of the main spectral peak also decreases slightly, which, in turn, reduces the amplitude of the maximum superimposed area as well as the output amplitude of the sensor. Based on the effect of the six toe cutting functions on the spectral morphology of the grating, the Gaussian and Hamming functions can significantly suppress the spectral sidelobes and maximize the amplitude of the main spectral peak after the toe cutting operation, which are the two functions with the strongest comprehensive toe cutting effect.



Furthermore, Gaussian toe cutting function (G = 8) is selected to perform toe cutting operations on the fiber grating. Figure 8 shows the spectral morphology of a single grating without a toe cut and Gaussian toe cut (G = 8). The spectral sidelobes of the grating after a Gaussian toe cut are completely suppressed and have little influence on the amplitude of the main spectral peak. According to the calculation, the reflectance amplitude corresponding to the main spectral peak before and after Gaussian toe cutting decreases from 0.97 to 0.945, with a reduction rate of less than 3%; the effect on the spectral superimposed area can be ignored.



Based on the influence of Gaussian toe cutting on the spectrum of a single grating, Figure 9a shows the curve of the superimposed area of sensing spectrum and reference spectrum as a function of the moving distance of the sensing spectrum. Under the same conditions, neither Gaussian toe cutting (G = 8) nor the cutting method are used. Figure 9b shows the fitting analysis results on the left side of the two curves.



The left linear fitting degree of the curve after Gauss toe cutting (0.996) was 0.01 higher than that of the toe cutting. The slopes of the curve after Gauss toe cutting and without toe cutting were 79.2 and 74.2, respectively, which increased by 6%. These results establish that the Gaussian cutting toe (G = 8) methods can be manipulated. The sensor and the reference grating spectrum on both sides of the sidelobe are non-functional, thereby improving the spectrum superposition areas and increasing the change in the curve linearity of the mobile sensing spectrum distance, which can further improve the output linearity and sensitivity of the cut-toe mode sensor.



In summary, to improve the sensor output amplitude and linearity, the center wavelength of the sensing grating and reference grating have been customized in this study to be 1449.971 nm and 1550.033 nm (the difference is less than 0.15 nm), respectively; meanwhile, their gate region length is 10 mm and refractive index modulation depth is 1.2 × 10−3, and the post-processing method used is Gaussian toe cutting (G = 8).





4. Experimental Testing and Analysis


4.1. Construction of Experimental Platform


The GMM-FBG current sensor test system is shown in Figure 10. To reduce the input current, a magnetic ring is used to replace the middle single current wire. The coils with 200 turns are symmetrically wound on the two arms of the magnetic ring, and the DC input signal is provided by a 10 A DC source. A 400-turn coil is wound below the magnetic ring, and a signal generator combined with a power amplifier is used to provide AC input signals. The grating parameters of the current sensor are customized according to the parameters determined above. During the bonding process between GMM and FBG, both ends of FBG were axially fixed parallel to GMM with a stent, and an appropriate amount of optical glue was injected between the two sides by moving the injection rubber tube before and after the bonding process.




4.2. Sensor Input and Output Characteristics


First, the output current of the DC source should initially be 0 A, and the current should increase in 0.1 A intervals until the output no longer changes. Second, the oscilloscope must be adjusted according to the DC coupling mode to read out the changes in the input light intensity in the photodetector. Figure 11 shows the input-output relation curve. When the current changes from 0 to 0.7 A, the output voltage changes slowly and the slope of the curve is small, which is in accordance with the initial slow change state. From 0.8 A–2.5 A, the curve is linear, and the output linearity and sensitivity are the highest. After 2.5 A, the curve gradually becomes gentle, and the output sensitivity decreases significantly. After 2.8 A, the curve enters a saturation state; that is, when the input current increases, the output remains unchanged. By comparison, the sensor input-output relation curve is consistent with the curve that depicts the relationship between GMM strain and magnetic field. This shows that the dual raster-intensity demodulation mode has a wide working range and good linearity, which can truly reflect the change in input current. By fitting the linear section of the curve, it can be concluded that the input-output linear correlation coefficient (R2) is as high as 0.9942, and the sensitivity is 249.75 mV/A.



Finally, the temperature compensation effectiveness of the demodulation method has been verified using a verification test, wherein the sensor temperature is varied from 0 °C to 60 °C, and the temperature change step is set to 2 °C. From the results of the test, the phase difference has an insignificant trend of decreasing with an increase in temperature during the test, and the maximum phase difference fluctuation is 4.4°. The amplitude gain decreases slowly and tends to be stable with increasing temperature, while the gain fluctuation is 0.68 dB. The results show that the grating intensity demodulation can effectively compensate for the influence of temperature change (in the range of 0 °C–60 °C) to ensure that the sensor has a certain temperature stability.





5. Conclusions


In this study, the performance of current sensors based on GMM and FBG is optimized by improving the spectral characteristics of gratings. Based on the coupled mode theory, three key parameters (length of grating region, depth of refractive index modulation, and type of toe cutting function) are used to determine the spectral morphology of a single grating. Furthermore, the influence of these three parameters on the spectral superposition area is studied using a numerical calculation method, where the spectral superposition area represents the output characteristic of the sensor. By analyzing the variation curves of the spectral superimposed area under different parameters, the customized parameters of the experimental sensing and reference FBG were determined to improve the linearity and sensitivity of the sensor output. The test results show that the input-output linear correlation coefficient of the optimized current sensor (R2) goes up to 0.9942, sensor sensitivity becomes 249.75 mV/A, and the sensor exhibits good stability from 0 °C to 60 °C. This work can provide theoretical and practical guidance for grating spectrum analysis and grating parameter optimization of existing GMM-FBG current sensors, while offering insights for improving performance parameters of GMM-FBG such as linearity, sensitivity, and temperature stability.
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Figure 1. Effect of spectral morphology on sensor characteristics. (a,b) Schematic of the spectral superposition area at different reflectivities and bandwidths and (c) corresponding input-output curve. (d) Schematic of the spectral superposition area after toe cutting and (e) corresponding input-output curve. 
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Figure 2. Reflection spectra of FBG with different refractive index modulation depths and gate region lengths. 
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Figure 3. Spectral reflectance amplitude and bandwidth of FBG as a function of gate region length. 
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Figure 4. (a) Variation in spectral superposition area with the translation distance of sensing grating at different gate region lengths. (b) Linear fitting of the superimposed area on the left side of the curve at L = 10 mm, 11 mm, 13 mm, and 15 mm. 
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Figure 5. Curve of spectral reflectance amplitudes and bandwidths of FBG with different refractive index modulation depths. 
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Figure 6. Variation curves of spectral superimposed area as a function of the translation distance of sensing grating when L = 10 mm, and the refractive index modulation depth is 1.2 × 10−3 and 1 × 10−4. 
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Figure 7. Grating reflection spectra after different toe cutting methods. 
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Figure 8. Grating reflection spectra of uncut toe and Gaussian toe (G = 8). 
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Figure 9. (a) Variation curve of spectral superimposed area as a function of spectral translation distance without toe cutting and Gaussian toe cutting (G = 8). (b) Left linear fitting of the curve of spectral superimposed area change. 
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Figure 10. Test platform for DC response characteristics of sensor. 
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Figure 11. DC response characteristic curve of sensor. 
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