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Abstract

:

This paper presents the design, fabrication, and characterization of a compact current sensor based on magnetostrictive composites and resistance strain gauges. Firstly, we designed three kinds of current sensors with different structures, in which the shape of the giant magnetostrictive material (GMM) was cuboid, cylindrical, and semi-cylindrical. A set of finite element method (FEM) simulations were performed to qualitatively guide the design of three prototypes of the current sensor. It was determined that the most ideal shape of the GMM was semi-cylindrical. Secondly, Terfenol-D (TD) powder and epoxy resin were mixed to prepare magnetostrictive composites. In this paper, magnetostrictive composites with different particle size ranges and mass ratio were prepared and tested. The results show that the magnetostrictive composites had the best performance when the particle size range was 149–500 μm and the mass ratio of epoxy resin to TD powder was 1:5. Finally, this paper tested the performance of the sensor. The sensitivity, repeatability, and linear working range of the sensor reached 0.104 με/A, 2.51%, and 100–900 A respectively, when only 0.31 g of TD powder was employed. This means that current measurement with low cost, high sensitivity, and wide range was realized.
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1. Introduction


With the rapid development of the power industry, the current sensor plays a key role in the fields of electric energy measurement, monitoring, and protection [1]. However, the traditional electromagnetic current sensor has weak antielectromagnetic interference ability, difficult insulation, and a small dynamic range, which hinder meeting the monitoring needs of the power system [2,3]. Therefore, researches are looking for a new type of current sensor to meet the needs of online monitoring of power systems and high-precision fault diagnosis.



Giant magnetostrictive materials (GMMs) have the advantages of small size, fast response speed, high precision, and easy integration [4]. Magnetostrictive materials are widely used; for example, a Micro-Electro-Mechanical System (MEMS) magnetoelectric sensor combined with magnetostrictive material and piezoelectric material can not only detect weak magnetic fields, but also be widely used in biological magnetic field detection and magnetic particle imaging [5,6]. Terfenol-D (TD) alloy is a new type of rare earth giant magnetostrictive material. Because of its well-known giant magnetostriction, Terfenol-D, an alloy composed of TbxDy1−xFe2, has been employed for electromagnetic measurement [7,8]. The resistance strain gauge has the advantages of high accuracy, small size, light weight, low cost, stable performance, high reliability, and convenient multipoint measurement. A current sensor combining GMM and a resistance strain gauge has attracted wide attention.



In 2005, Satpathi et al. [9] proposed a current sensor based on magnetostrictive material. The TD mass of the proposed sensor was 40 g. Magnetostrictive materials have unipolar characteristics. In order to avoid the rectified output of the sensor, a direct current (DC) bias coil was introduced into the sensor. At the same time, mechanical devices were added to the sensor to provide the mechanical compression load. It was found that the output of the sensor was nonlinear when the mechanical compression load was low. When the mechanical compression load was high, the linearity of the sensor increased. Although the mechanical device improved the linearity of the sensor, it increased the complexity of the sensor structure. The addition of the DC bias coil caused the sensor to be active.



In 2013, Cremonezi et al. [10] proposed a current sensor for measuring alternating current. The proposed sensor employed a solid, 144 g toroidal core of TD. The stainless-steel compression ring exerted a certain pressure on the magnetostrictive material, which made the relationship between the strain produced by the magnetostrictive material and the applied magnetic field approximate to a quadratic function. At the same time, the linearity of the sensor was better and the measurement error was smaller under the action of preloading stress. The proposed sensor had a fast transient response, but the sensor did not introduce a DC bias device, which led to the frequency doubling of the sensor output.



In 2015, Nazaré and Werneck et al. [11] proposed a new and compact current sensor. The new sensor was composed of a solid rod of TD using 74 g of the alloy, magnetic conductive material, and a permanent magnet. The magnetic conductive material was made of ordinary ferrosilicon, and the permanent magnet was made of NdFeB. The purpose of adding permanent magnets to the magnetic circuit was to provide a certain constant magnetic field, so that the sensor could work in a linear region and obtain a complete alternating current (AC) cycle. The magnetic field acting on magnetostrictive material consisted of an AC magnetic field generated by the wire and a constant magnetic field generated by the permanent magnet. The authors used permanent magnets instead of DC drive coils; thus, the sensor was passive. Although the proposed sensor eliminated the frequency doubling phenomenon of magnetostrictive materials, it still did not solve the disadvantages of the expensive and fragile Terfenol-D alloy.



In 2019, Dante et al. [12] proposed a toroidal current sensor based on magnetostrictive material. The proposed sensor was composed of magnetostrictive material, magnetic conductive material, and a permanent magnet. Steel bars (99.5% Fe, relative permeability 500) were introduced into the magnetic circuit, which not only reduced the mass of TD, but also increased the magnetic flux density per gram of TD. The cost of the proposed sensor was further reduced, and only 2.0 g of Terfenol-D alloy was used. The transient response test showed that there was no obvious delay between the input and output signals of the sensor, which indicated that the sensor was suitable for fault detection.



Wang et al. [13] proposed a sensitivity enhanced current sensor based on magnetostrictive material. When a mechanical compression force was applied, the GMM’s sensitivity to the magnetic field increased significantly. According to this characteristic, a beam was added to the rectangular GMM to bear the applied pressure, thus forming a T-shaped structure. The material of the beam was 304 stainless steel. A T-shaped structure was placed in a copper support structure. A special copper screw was placed at the upper right of the structure, and the beam of the T-shaped structure was pressurized by the screw, so as to achieve the purpose of pressurizing the T-shaped structure. Therefore, the sensitivity-enhanced current sensor was composed of a GMM, fiber Bragg grating (FBG), copper support structure, and screws made of copper. Experiments showed that the sensitivity of the sensor was significantly improved, and the cost of the proposed structure was low.



However, Terfenol-D alloy is hard, brittle, expensive, and difficult to machine. Thus, in order to address these issues, a giant magnetostrictive powder composite (GMPC) of TD powder and epoxy resin was recently proposed for many applications [14,15]. GMPC also has other excellent properties, such as enhanced tensile strength and low eddy current loss. Because of the preloading stress generated during curing, the preload can be reduced or even saved. In addition, the TD mass used in composite materials is small, and the preparation process of composite materials is relatively simple; thus, the cost is low. At the same time, the magnetostriction of magnetostrictive composites can compete with that of the magnetostrictive alloy.



Lopez et al. [16,17] proposed a current sensor based on magnetostrictive composite. The sensor adopted magnetic field concentration technology, which not only reduced the mass of magnetic conductive materials, but also improved the magnetic flux density on magnetostrictive composite materials. When the mass of Terfenol-D alloy was 0.42 g, the proposed sensor could obtain higher sensitivity and reduce the cost of the sensor.



In this paper, a current sensor based on a semi-cylindrical magnetostrictive composite and resistance strain gauge is proposed. This paper mainly includes the following two aspects:



Improvement of sensor structure: in order to improve the sensitivity of the sensor and reduce the cost of the sensor, we designed three kinds of current sensors with different structures.



Improvement of performance of magnetostrictive composites: in order to study the characteristics of magnetostrictive composites, magnetostrictive composites with different TD particle sizes and different proportions of TD powder were manufactured.




2. Design of Sensor


Figure 1 shows the design of the current sensor. The current sensor was composed of magnetostrictive material, magnetic conductive material, and a permanent magnet. The sensor adopted magnetic field concentration technology to improve the magnetic flux density on magnetostrictive composite materials [17]. A permanent magnet was introduced into the magnetic circuit, which allowed the sensor to work in the linear region and obtain a complete AC cycle. We designed three kinds of current sensors with different structures, in which the shapes of the magnetostrictive material were cuboid, cylindrical, and semi-cylindrical.



2.1. Finite Element Simulation


In this paper, we performed FEM simulations to qualitatively guide the design of three prototypes of the current sensor. Firstly, we established three sensor models. The magnetostrictive material in Figure 2a was set to a 4 × 4 × 15 mm3 cuboid. The magnetostrictive material in Figure 2b was set as a cylinder with a diameter of 4 mm and a length of 15 mm. The magnetostrictive material of Figure 2c was set as a semi-cylinder with a diameter of 4 mm and a length of 15 mm. The permanent magnet was set to a 10 × 10 × 3 mm3 cuboid, and the diameter of the conductor was 18 mm. Then, we defined the material properties. The material of the conductor was copper, the relative permeability of the magnetostrictive material was 5, the relative permeability of the magnetic conductive material was 300, and the relative permeability of the permanent magnet was 1.05. Then, we set the boundary conditions. The current of the conductor was set to 400 A. Finally, we meshed the model.



Figure 2 shows the FEM simulation results of the sensor. In the simulations of the magnetic flux density distribution of sensors, red denotes greater magnetic flux density and blue denotes less magnetic flux density. The results show that the magnetic flux density at the position of the magnetostrictive material in Figure 2c was the highest. This means that the sensor based on the semi-cylindrical magnetostrictive material with a diameter of 4 mm and a length of 15 mm not only improved the magnetic flux density, but also reduced the volume of the magnetostrictive material.



To quantify the magnetic flux density range at the position of the magnetostrictive material, we set the same three-dimensional sectional line for each magnetostrictive material. Figure 3 shows the magnetic flux density range at the position of magnetostrictive materials of sensors with different structures. Then, we summarized the volume and magnetic flux density of magnetostrictive materials of sensors with different structures. As shown in Table 1, compared with the existing sensor based on cuboid magnetostrictive material [17], the sensor based on semi-cylindrical magnetostrictive material not only reduced the volume by more than half, but also increased the maximum magnetic flux density by 9.1% and the minimum magnetic flux density by 15.1%.



When the volume of magnetostrictive material was smaller, the cost of the sensor was lower. When the magnetic flux density at the magnetostrictive material was greater, the sensitivity of the sensor was higher. Therefore, the shape of the magnetostrictive material of the sensor was set as a semi-cylinder. In order to fix all parts together, a three-dimensionally (3D) printed holder was employed.




2.2. Magnetostrictive Composites


Given that Terfenol-D is a hard, brittle alloy, and its use in the form of solid bars and rods is affected by eddy currents, GMPCs were recently explored and successfully employed in current sensors. Thus, the use of GMPCs not only reduces these drawbacks, but also supports decreasing the fragility of the sensor, facilitates its manufacture in different shapes, and allows for a significant reduction in the amount of Terfenol-D employed in the sensor, thereby reducing its cost. Therefore, magnetostrictive composites become the sensitive element of the current sensor. Another key feature of magnetostrictive composites is that the properties of composites depend on the size range and mass fraction of TD particles, which was explored in this paper.




2.3. Manufacture of Sensors


In order to facilitate the demolding of magnetostrictive composites, a silicone mold was prepared in this paper. The manufacturing procedure is shown in Figure 4. First (stage A), glue A and glue B were mixed in a container. The mass ratio of silicone glue A to glue B was 1:1. Next (stage B), the whole mixture was intensively stirred until all the components were homogenized. Subsequently (stage C), after proper stirring, the mixture was poured into a 3D-printed holder. Lastly (stage D), after waiting for a period of time at room temperature, a silicone mold was obtained.



The manufacturing procedure is shown in Figure 5. First (stage A), a measured volume of hardener was added to epoxy resin. The mass ratio of hardener to the resin was 1:3. Next (stage B), to the prepared mixture, a Terfenol-D powder was introduced. Subsequently (stage C), the whole mixture was intensively stirred until all components were homogenized. In the next step (stage D), after proper stirring, the mixture was poured into previously prepared silicone mold. Then (stage E), the silicone mold with the mixture was subjected to polarization. The permanent magnet provided a certain uniform magnetic field to prevent the TD powder from settling in the mixture. Lastly (stage F), after waiting for a period of time at room temperature, the semi-cylindrical magnetostrictive composite with a diameter of 4 mm and a length of 15 mm was obtained.





3. Experimental Results and Discussion


As shown in Figure 6, the test device of the magnetostrictive composite material was composed of an electromagnet, strain gauge, computer, and 3D-printed holder. The uniform and stable parallel magnetic field was generated by the electromagnet. The strain of magnetostrictive composites was measured by the strain gauge. The computer was used to analyze and display the data. The 3D-printed holder was used to support the magnetostrictive composite material and avoid external interference. The main structural parameter of the electromagnet was a working air gap of 0–80 mm, which could be adjusted continuously.



The principle of a resistance strain gauge is to transform the deformation of the magnetostrictive material into a change in resistance, i.e., to indirectly calculate the magnetostrictive strain of magnetostrictive composite by measuring the change in resistance. The resistance strain gauge is attached along the long axis direction of the magnetostrictive composite material (the magnetostrictive direction of the composite material), and the current variation can be obtained by measuring the magnetostrictive variation.



In this paper, the influence of TD particle size on the magnetostrictive composites was studied. The TD alloy was ground into powder under argon protection. Then, the particle size of the powder was divided into 0–63 μm, 63–149 μm, and 149–500 μm groups with a 100-mesh screen and 250-mesh screen. When the proportion of TD powder and shape were the same, magnetostrictive composites with particle sizes of 0–63 m, 63–149 m, and more than 149 m were tested. Figure 7 shows the relationship between magnetostriction coefficient and external magnetic field. It can be seen that the magnetostriction coefficient of magnetostrictive composites was highest when the TD particle size was 149–500 μm. Due to the high surface adsorption of TD particles with a small particle size, clusters would be formed in the mixture; hence, the fluidity and orientation of the particles worsened during the molding of composite materials. When the proportion of particles was the same, there was a larger particle surface area in the composite with a small particle size, which facilitated contact with air and led to oxidation. Therefore, the TD particle size should be 149–500 μm when preparing magnetostrictive composites.



In this paper, the influence of the proportion of TD powder on magnetostrictive composites was studied. When shape and TD particle size were the same, magnetostrictive composites with a mass ratio of epoxy resin to TD powder of 1:4, 1:5, and 1:6 were tested. As shown in Figure 8, when the proportion of TD powder was low (the mass ratio of epoxy resin to TD powder was 1:4), the distance between TD particles was large, and the resin hindered the transmission of magnetostriction, resulting in poor magnetostriction of the composite materials. However, when the proportion of TD powder was too high (the mass ratio of epoxy resin to TD powder was 1:6), the particles in the resin had poor wetting behavior and weak binding force, and they were difficult to mix uniformly; thus, a large number of pores were generated, resulting in a reduction in the magnetostriction of the composite materials. When the mass ratio of epoxy resin to TD powder was 1:5, the proportion of TD powder was moderate, and the magnetostrictive composite exhibited the best magnetostrictive properties.



Figure 9 shows the current sensor based on the semi-cylindrical magnetostrictive composite. The proposed sensor was composed of a magnetostrictive composite, magnetic conductive material, permanent magnet, and 3D-printed bracket. The size of TD particles in the magnetostrictive composites was 149–500 μm and the mass ratio of epoxy resin to TD powder was 1:5. The magnetic conductive material was a silicon steel sheet with a magnetic permeability of 7000–10,000. The 3D-printed holder was used to support the sensor.



As shown in Figure 10, the test device of the sensor was composed of a current generator, strain gauge, and computer. The current generator could generate 0–1000 A DC or AC.



In order to test the repeatability of the sensor, four experiments were done under the same conditions. The sample data for the repeatability test are shown in Table 2. Figure 11 shows the relationship between the strain and the current of the sensor in four experiments. Repeatability (Rep) can be determined using the following equation:


  Rep   t  σ  max      D  FS     × 100 % ,  



(1)




where t is the t-distribution coefficient under confidence equal to 95%, σmax is the maximum output standard deviation, and DFS is the sensor output of the full-scale input, which is 900 A.



The output standard deviation of every input current could be calculated using Equation (2), and the results are shown in Table 3. We can find that the maximum output standard deviation of the sensor was about 1.


   σ j  =    1  m - 1       ∑  i = 1  m   (  D  ij   -    D j   -  )    2    ,  



(2)




where m is the number of samples (m = 4), Dij is the sensor output at the i-th sample and the j-th input current, and      D j   -    is the average output at the j-th input current.



In addition, according to Table 1, DFS was equal to 85, and the coefficient t was about 2.132. Thus, according to Equation (1), the calculated repeatability of the sensor was about 2.51%.



In this paper, the sensitivity of the sensor was tested. The average output of each input current is shown in Table 4. Figure 12 shows the relationship between the average output of the sensor and the input current. It was found that the average output and input current of the sensor followed a good linear fit. The linear working range of the sensor was 100 A–900 A, and the sensitivity was equal to the slope of the fitted curve, which was about 0.104 με/A.



Finally, we summarized the sensors on the basis of magnetostrictive materials in existing references. As shown in Table 5, the TD mass of the sensors proposed by Lopez et al. [17] was the lowest in the existing references, which was 0.42 g. Compared with the previous sensors, the mass of our proposed sensor was reduced by 1/4, the sensitivity was approximately doubled, and the linear working range reached 100–900 A.




4. Conclusions


In this paper, we proposed a low-cost current sensor based on semi-cylindrical magnetostrictive composite. The sensor structure was improved and the performance of magnetostrictive composite was enhanced. FEM simulations were carried out to guide the design of the sensor, and a semi-cylindrical magnetostrictive material was proposed. Terfenol-D alloy is hard, brittle, expensive, and difficult to machine. Magnetostrictive composites of TD powder and epoxy resin were used to replace magnetostrictive materials. The influence of TD particle size and the proportion of TD powder on magnetostrictive composites was studied. The experimental results showed that the size of TD particles was 149–500 µm and the mass ratio of epoxy resin to TD powder was 1:5. The sensitivity, repeatability, and linear working range of the sensor reached 0.104 με/A, 2.51%, and 100–900 A respectively, when only 0.31 g of TD powder was employed. This means that current measurement with low cost, high sensitivity, and wide range was realized.
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Figure 1. Design of sensor. 
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Figure 2. The magnetic flux density distribution of sensors with different structures at a current of 400 A. (a) sensor based on the cuboid magnetostrictive material. (b) sensor based on the cylindrical magnetostrictive material. (c) sensor based on the semi-cylindrical magnetostrictive material. 
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Figure 3. The magnetic flux density range at the position of magnetostrictive material. (a) Sensor based on the cuboid magnetostrictive material. (b) Sensor based on the cylindrical magnetostrictive material. (c) Sensor based on the semi-cylindrical magnetostrictive material. 
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Figure 4. The manufacturing procedure of silicone mold. (A) glue A and glue B were mixed in a container. (B) the whole mixture was intensively stirred. (C) the mixture was poured into a 3D-printed holder. (D) a silicone mold was obtained. 
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Figure 5. The manufacturing procedure of magnetostrictive composites. (A) a measured volume of hardener was added to epoxy resin. (B) a Terfenol-D powder was introduced. (C) the whole mixture was intensively stirred. (D) the mixture was poured into silicone mold. (E) the silicone mold with the mixture was subjected to polarization. (F) the semi-cylindrical magnetostrictive composite was obtained. 
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Figure 6. Testing device of magnetostrictive composite material. 
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Figure 7. The influence of Terfenol-D (TD) particle size on magnetostrictive composites. 
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Figure 8. The influence of the proportion of TD powder on magnetostrictive composites. 
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Figure 9. The current sensor based on the semi-cylindrical magnetostrictive composite. 
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Figure 10. Testing device of sensor. 
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Figure 11. Repeatability test of sensor. 
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Figure 12. Sensitivity test of sensor. 






Figure 12. Sensitivity test of sensor.



[image: Electronics 09 01833 g012]







[image: Table] 





Table 1. Summary of sensors with different structures.
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	Magnetostrictive Material Shape
	Magnetostrictive Material Volume (mm3)
	Magnetic Flux Density (mT)





	Cuboid [17]
	240.0
	21.8–32.0



	Cylindrical
	188.4
	23.6–33.5



	Semi-cylindrical
	94.2
	25.1–34.9
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Table 2. Sample data for the repeatability test.
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Output (με)

	
Input Current (A)




	
100

	
200

	
300

	
400

	
500

	
600

	
700

	
800

	
900






	
1

	
0

	
10

	
19

	
29

	
40

	
51

	
60

	
71

	
85




	
2

	
0

	
9

	
18

	
28

	
39

	
49

	
61

	
72

	
83




	
3

	
0

	
9

	
19

	
29

	
39

	
50

	
60

	
72

	
83




	
4

	
0

	
9

	
19

	
29

	
39

	
49

	
60

	
72

	
83
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Table 3. Standard deviation results.






Table 3. Standard deviation results.





	

	
Input Current (A)






	

	
100

	
200

	
300

	
400

	
500

	
600

	
700

	
800

	
900




	
SD

	
0
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Table 4. Average output of every input current.
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39.25

	
49.75
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71.75

	
83.50
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Table 5. Summary of different sensors.
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	Reference
	Geometry
	TD Mass
	Sensitivity
	Linear Range





	[10]
	Cylindrical
	40 g
	-
	250–700 A



	[11]
	Toroidal
	144 g
	-
	320–900 A



	[12]
	Cubic
	74 g
	-
	-



	[16]
	Hyperbolic
	1.5 g
	-
	15–450 A



	[17]
	Cuboid
	0.42 g
	0.054 με/A
	100–800 A



	This work
	Semi-cylindrical
	0.31 g
	0.104 με/A
	100–900 A
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