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Abstract

:

To solve the problems that the theoretical analysis of Halbach array magnetic circuit is insufficient and that calculating the magnetic adsorption force of a permanent magnet by using the magnetic node method is complex, the magnetic flux density of a Halbach array magnetic circuit composed of multiple permanent magnets with perpendicular magnetization directions is calculated. On the basis of the concentrated magnetic phenomenon of the ferromagnetic material and the end effect of the permanent magnet, a method for calculating the magnetic adsorption force of the Halbach array magnetic circuit by using the equivalent magnetic flux density is proposed, and the variation trend of magnetic adsorption force after changing the parameters of the magnetic circuit is obtained. ANSYS software is used to analyze several magnetic circuits that produce large magnetic adsorption force, a magnetic circuit structure that produces the largest magnetic adsorption force is determined, and the permanent magnetic adsorption device of the wall-climbing robot is improved. The magnetic adsorption force of the wall-climbing robot before and after the improvement of the permanent magnetic adsorption device is measured through experiments. The experimental results show that the magnetic adsorption force after the improvement is increased by 24.63% compared to before the improvement.
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1. Introduction


Compared to other adsorption wall-climbing robots (such as negative pressure, thrust, bionic, and electromagnetic adsorption wall-climbing robots), permanent magnetic adsorption wall-climbing robots have the advantages of being safer and more reliable and having a high load–weight ratio [1,2,3,4]. Permanent magnetic adsorption wall-climbing robots can be divided into fixed and adjustable magnetic gap types in accordance with whether the magnetic gap changes when the robot works. A fixed magnetic gap wall-climbing robot can generate large magnetic adsorption force via a small amount of permanent magnets because the permanent magnetic adsorption device is attached to the wall [5,6,7,8,9]. An adjustable magnetic gap wall-climbing robot generally uses a screw to install the permanent magnetic adsorption device on the side of the wall-climbing robot body close to the working surface; the servo motor drives the screw to rotate so as to adjust the distance between the permanent magnetic adsorption device and the working surface to realize the adjustment of the magnetic adsorption force [10]. Compared to a fixed magnetic gap wall-climbing robot, an adjustable magnetic gap wall-climbing robot is easier to be installed and disassembled on the working surface. When the external force changes, dynamic adjustment of the magnetic adsorption force can be realized to ensure that the wall-climbing robot is reliably adsorbed on the working surface and can move flexibly. Wu et al. [11] designed a wall-climbing welding robot with adjustable magnetic adsorption force. The permanent magnetic adsorption device of the wall-climbing welding robot is composed of ten Nd-Fe-B permanent magnets with opposite magnetization directions. Given that the magnetic circuit should be equipped with many magnetic isolation aluminum blocks, the space for installing permanent magnets in the permanent magnetic adsorption device is not fully and reasonably utilized. Hence, the ratio of the adsorption force generated by the magnetic circuit to the self-weight is lower than that in a Halbach array magnetic circuit.



The rudiment of a Halbach array magnetic circuit was first proposed by Professor Mallinson, who studied a one-sided flux magnetic circuit when a single permanent magnet is magnetized in different directions continuously in an ideal state [12]. As it is impossible to magnetize a permanent magnet continuously in different directions in practical engineering, the one-sided flux magnetic circuit cannot be applied to engineering equipment. The Halbach array magnetic circuit, which can be used in engineering, was first discovered by Professor Halbach, and its magnetic field distribution was studied in detail [13]. Currently, the Halbach array magnetic circuit is mainly used in magnetic levitation systems and motor equipment [14,15,16,17] but rarely used in the permanent magnetic adsorption device of wall-climbing robots. Hoburg et al. [18] studied the magnetic field distribution of a Halbach array magnetic levitation system with 45° magnetization direction and obtained the calculation equation of magnetic flux density. However, due to the difficulty in manufacturing magnets with 45° magnetization direction, Halbach array magnetic circuits with 45° magnetization direction are rare in magnetic levitation systems. The magnetic field results are inapplicable to the Halbach array magnetic circuits with perpendicular magnetization directions. Meessen et al. [19] studied a cylindrical Halbach array magnetic circuit applied to a rotary electric machine and obtained an analytical solution for magnetic flux density. At present, the magnetic scalar potential method and the magnetic node method are mainly used to calculate the magnetic flux density of the Halbach array magnetic circuits. Professor Mallinson [12] used the magnetic scalar potential method to analyze a one-sided flux magnetic circuit, but he only analyzed the magnetic field distribution of a single permanent magnet in the ideal state of continuous magnetization in different directions. He did not study a Halbach array magnetic circuit composed of multiple permanent magnets with perpendicular magnetization directions. Qu et al. [20] used the magnetic node method to study two cuboid permanent magnets with parallel magnetization directions and proposed a method to calculate the magnetic force rapidly by combining an analytical model with numerical calculation. Nonetheless, this method still needs to calculate the quadruple integral, and the calculation process is complex. Presently, the most popular method for calculating a Halbach array magnetic circuit is to use finite element software to simulate the designed magnetic circuit [21,22]. It has the advantages of fast calculation speed and high accuracy of the results, but the finite element software cannot independently determine the best magnetic circuit structure. Thus, designers should compare various magnetic circuit results and select the one that is most ideal.



To solve the above problems in the calculation of Halbach array magnetic circuits, the main contents of this paper are as follows: (1) The magnetic scalar potential method combined with Fourier transform is used to study the Halbach array permanent magnet adsorption device of the wall-climbing robot as shown in Figure 1, and the expression of magnetic flux density is obtained. On this basis, the equivalent magnetic flux density is proposed, the end effect of the magnet is considered, and the variation trend of magnetic adsorption force and magnetic circuit parameters is obtained. In the Halbach array magnetic circuit, as shown in Figure 1c, when the number of permanent magnet blocks is odd, the permanent magnet adsorption device has symmetry; when the number of permanent magnet blocks is even, the permanent magnet adsorption device has asymmetry. (2) ANSYS software is used to analyze several magnetic circuits that produce a large magnetic adsorption force, and the Halbach array magnetic circuit that produces the largest magnetic adsorption force is determined. (3) In accordance with the analysis results, the permanent magnetic adsorption device of the wall-climbing robot is improved. The relationship between the adsorption force and the magnetic gap of the permanent magnetic adsorption device before and after improvement is evaluated through experiments.




2. Theoretical Analysis of Halbach Array Magnetic Circuit


2.1. Establishment of the Mathematical Model of the Magnetic Circuit


The permanent magnetic adsorption device of the wall-climbing robot adopts a Halbach array magnetic circuit, as shown in Figure 2a. In this paper, the magnet whose magnetization direction is parallel to the y-axis is defined as the main magnet, and the magnet whose magnetization direction is parallel to the x-axis is defined as the vice magnet. In the x–y plane, the relationship between the magnetization of the main magnet and the vice magnet and the length of the magnet is shown in Figure 2b,c, respectively. The red dotted line represents the ideal magnetization function.



Referring to Figure 2b,c together, we can express the magnetization intensity functions of the main and vice magnets by Equations (1) and (2), based on the magnetization directions of the main and vice magnets in the Halbach array magnetic circuit.


   M Y  ( x ) =       −  M 0      − (  l m  +  l v  ) ≤ x < − (  l v  +    l m   2  )      0    − (  l v  +    l m   2  ) ≤ x < −    l m   2         M 0      −    l m   2  ≤ x <    l m   2       0       l m   2  ≤ x <    l m   2  +  l v        −  M 0         l m   2  +  l v  ≤ x <  l m  +  l v         



(1)






   M X  ( x ) =      0    0 ≤ x <    l m   2         M 0         l m   2  ≤ x <  l v  +    l m   2       0     l v  +    l m   2  ≤ x <  l v  +   3  l m   2        -  M 0       l v  +   3  l m   2  ≤ x < 2  l v  +   3  l m   2       0    2  l v  +   3  l m   2  ≤ x < 2 (  l m  +  l v  )        



(2)




where    M Y  ( x )   and    M X  ( x )   are the magnetization intensity functions of the main magnet and the vice magnet, respectively;    M 0    is the magnetization of the permanent magnet;    l m    and    l v    are the lengths of the single main magnet and the vice magnet in the x-axis, respectively; and  h  is the height of the permanent magnet in the y-axis.



As shown in Figure 2a, the magnetization of the permanent magnet in the z-axis is 0, such that    M Z  ( x ) = 0  . If Equations (1) and (2) are expanded into Fourier series, then


   M Y  ( x ) =  M 0    ∑  n = 1  ∞      4  n π   sin (   n π  2  ) cos [   n  l v  π   2 (  l m  +  l v  )   ]     × cos (   n π x    l m  +  l v    )  



(3)






   M X  ( x ) =  M 0    ∑  n = 1  ∞      4  n π   sin (   n π  2  ) sin [   n  l v  π   2 (  l m  +  l v  )   ]     × sin (   n π x    l m  +  l v    )  



(4)




where  n  is the harmonic order.



Then, the magnetization  M  of the Halbach array magnetic circuit can be expressed as


  M =        M X         M Y         M Z        =         ∑  n = 1  ∞     4  M 0    n π   sin   n π  2  sin   n π  l v    2 (  l m  +  l v  )   sin   n π x    l m  +  l v              ∑  n = 1  ∞     4  M 0    n π   sin   n π  2  cos   n π  l v    2 (  l m  +  l v  )   cos   n π x    l m  +  l v           0       



(5)







For ease of analysis, let


  A ( n ) =   4  M 0    n π   sin   n π  2  sin   n π  l v    2 (  l m  +  l v  )    



(6)






  B ( n ) =   4  M 0    n π   sin   n π  2  cos   n π  l v    2 (  l m  +  l v  )    



(7)






  k ( n ) =   n π    l m  +  l v     



(8)







Then, Equation (5) can be simplified to


  M =   ∑  n = 1  ∞   M ( n )   =   ∑  n = 1  ∞          M X  ( n )        M Y  ( n )        M Z  ( n )         =   ∑  n = 1  ∞         A ( n ) sin k ( n ) x       B ( n ) cos k ( n ) x      0         



(9)







In accordance with Maxwell’s equations [23],


  ∇ × H = J +  ∂  ∂ t    ε 0  E  



(10)






  ∇ · B = 0  



(11)




where  H  is the magnetic field intensity,  J  is the current density,  E  is the electric field strength,  ∇  is the nabla operator, and  B  is the magnetic flux density.



Given that the Halbach array magnetic circuit is a constant magnetic field problem, no electric field and current density exist, that is, Equation (10) is


  ∇ × H = 0  



(12)







Following the relationship between the magnetic field intensity and the magnetic scalar potential in the magnetic field space, we have


  H  = -  ∇ φ  



(13)




where  φ  is the magnetic scalar potential.



Assuming that the relative permeability of the permanent magnet used in the adsorption device of the wall-climbing robot is 1 and that the relative permeability of Nd-Fe-B is approximately 1.05 [24], then we obtain


  B =  μ 0  ( H + M )  



(14)




where    μ 0    is the permeability of vacuum, and  M  is the magnetization of the material.



From Equations (14) and (11), we can obtain


  ∇ · H = − ∇ · M  



(15)







Equation (15) is substituted into Equation (13) to obtain


   ∇ 2   φ p  ( n ) = ∇ · M = A ( n ) k ( n ) cos k ( n ) x  



(16)




where    φ p    is the magnetic scalar potential of the permanent magnet.



Given that the air magnetization is 0, for a weak magnetic field and the strong magnetic side region, one has


   ∇ 2   φ w  ( n ) = 0  



(17)






   ∇ 2   φ s  ( n ) = 0  



(18)




where    φ w    is the magnetic scalar potential of the weak magnetic field, and    φ s    is the magnetic scalar potential of the strong magnetic field.



Equations (16)–(18) are Poisson and Laplace equations, and their general solutions are


         φ w  ( n ) =        C 1   e  − k ( n ) y   +  C 2   e  k ( n ) y     cos k ( n ) x        φ p  ( n ) =        C 3   e  − k ( n ) y   +  C 4   e  k ( n ) y   −   A ( n )   k ( n )     cos k ( n ) x        φ s  ( n ) =        C 5   e  − k ( n ) y   +  C 6   e  k ( n ) y     cos k ( n ) x        



(19)




where    C 1  ~  C 6    are the coefficients to be solved.



The magnetic field boundary condition is given by [25]


         φ w  ( n ) =  φ s  ( n ) = 0     y = + ∞        φ w  ( n ) =  φ s  ( n ) = 0     y = − ∞        φ w  ( n ) =  φ p  ( n )     y = 0        φ p  ( n ) =  φ s  ( n )     y = − h       -   ∂  φ w  ( n )   ∂ y   =    ∂ p  ( n )   ∂ y   + B ( n ) cos k ( n ) x     y = 0       -   ∂  φ s  ( n )   ∂ y   =   ∂  φ p  ( n )   ∂ y   + B ( n ) cos k ( n ) x     y = − h        



(20)







The special solutions of Equations (16)–(18) can be obtained from Equation (20) as follows:


         φ w  =       ( A ( n ) − B ( n ) ) ( 1 −  e  k ( n ) h   )   2 k ( n )  e  k ( n ) h      e  − k ( n ) y   cos k ( n ) x        φ p  =         ( A ( n ) − B ( n ) ) ( 1 −  e  k ( n ) h   )   2 k ( n )  e  k ( n ) h     +   ( A ( n ) + B ( n ) )  e  k ( n ) y     2 k ( n )   -   A ( n )   k ( n )     cos k ( n ) x        φ s  =       ( A ( n ) + B ( n ) ) ( 1 −  e  k ( n ) h   )   2 k ( n )    e  k ( n ) y   cos k ( n ) x        



(21)








2.2. Calculation of Magnetic Flux Density


To ensure the safety of the wall-climbing robot working on the wall, the magnetic field intensity and magnetic flux density of the strong magnetic field should be calculated. The magnetic field intensity of the strong magnetic field can be obtained from Equations (13) and (21) as


    H   s   =   ( A ( n ) + B ( n ) ) (  e  k ( n ) h   − 1 )  e  k ( n ) y    2  × [ −  i  · sin k ( n ) x +  j  · cos k ( n ) x ]  



(22)




where   i   represents the component on the x-axis and   j   represents the component on the y-axis.



The magnetic flux density on the strong magnetic field side can be obtained from Equations (14) and (22). The magnetic flux density in the x-axis of the strong magnetic field is


   B x  ( n ) = -    μ 0  ( A ( n ) + B ( n ) ) (  e  k ( n ) h   − 1 )  e  k ( n ) y    2  × sin k ( n ) x  



(23)







The magnetic flux density in the y-axis of the strong magnetic side is


   B y  ( n ) =    μ 0  ( A ( n ) + B ( n ) ) (  e  k ( n ) h   − 1 )  e  k ( n ) y    2  × cos k ( n ) x  



(24)







From the analysis of Equations (23) and (24), given that


  A ( n ) + B ( n ) =   4  M 0    n π   sin   n π  2  × [ sin   n π  l v    2 (  l m  +  l v  )   + cos   n π  l v    2 (  l m  +  l v  )   ]  



(25)




let  m  be a non-negative integer; when   n = 2 m  ,   sin (   n π  2  ) = 0  , that is, regardless of whether    l m    and    l v    are equal or not, the magnetic flux density on the strong magnetic side does not contain   2 m   harmonic components. If    l m  =  l v   , when   n = ( 3 + 4 m )  , because


  sin   n π  l v    2 (  l m  +  l v  )   + cos   n π  l v    2 (  l m  +  l v  )   = 0  



(26)




at this time, the magnetic flux density on the strong magnetic side only contains   ( 1 + 4 m )   subharmonic components.



The permanent magnetic adsorption device of the wall-climbing robot is composed of nine permanent magnets with the same size, their magnetization direction is perpendicular to one another, and the size of each permanent magnet in the x–y plane is    l m  =  l v  = h = 28   mm. When    l m  =  l v  = h = 28   mm and the total length of the permanent magnet is 252 mm, the magnetic flux density of the strong magnetic field of the Halbach array permanent magnetic adsorption device of the wall-climbing robot in the y-axis is solved in accordance with Equation (24). From the theoretical analysis, the magnetic flux density of the strong magnetic field in the y-axis is formed by the superposition of harmonics with different orders and only contains   1 + 4 m   harmonics. Here, only the first four harmonics of the strong magnetic field at   y = − h   are calculated. The curve of the magnetic flux density of the strong magnetic field with magnet length is obtained by superimposing them, as shown in Figure 3.



ANSYS software is used for numerical simulation of the Halbach array permanent magnet. The three-dimensional magnetic flux density distribution is shown in Figure 4a, and the magnetic flux density distribution of the strong magnetic side surface in the length direction of the permanent magnet is shown in Figure 4b.



The theoretically calculated magnetic flux density is compared to the result obtained by the ANSYS software, as shown in Figure 5. To facilitate the theoretical calculation, when establishing the coordinate system, the zero point of the x-axis is set at the middle position of the main magnet at the starting end. Hence, a phase lag of    l m  / 2   in the x-axis exists between the theoretical analysis and the finite element calculation, as shown in Figure 5a. Therefore, the phase of the theoretical calculation result in the x-axis should be moved forward, as shown in Figure 5b. The end effect of the magnet is not considered in the theoretical analysis, such that the results of the theoretical analysis and finite element calculation are relatively different at the two ends of the magnet. In addition, because the higher harmonics above the thirteenth order are not considered in the theoretical analysis, the lower harmonic order will also lead to the difference between the theoretical analysis results and the finite element results.



In accordance with the above analysis process, when the volume of the permanent magnet in the magnetic adsorption device is the same and the number of main magnets is divided into 2, 3, 4, 5, 6, 7, and 8, the magnetic flux density of the strong magnetic field magnet surface in the y-axis is calculated, as shown in Figure 6. Since Figure 5 has already analyzed the distribution of magnetic flux density on the surface of the strong magnetic field of the Halbach array magnetic circuit when the number of main magnets is 5, Figure 6 only includes the distribution of magnetic flux density on the surface of the strong magnetic field of the Halbach array magnetic circuit when the number of main magnets is 2, 3, 4, 6, 7, and 8.



Figure 6 compares the theoretical calculation results of the magnetic flux density of various Halbach array magnetic circuits with the finite element analysis results. With the increase in the number of main magnets, the coincidence degree of the two results is higher. The reason is that with the increase in the number of main magnets, the width of a single main magnet in the x-axis and the end effect region of a permanent magnet becomes smaller. Similar to Figure 5, since only a limited number of harmonic orders are considered, a low harmonic order still leads to a discrepancy between the theoretical analysis results and the finite element results.





3. Magnetic Force Calculation of Adsorption Device


3.1. Equivalent Magnetic Flux Density


In accordance with the calculation method of magnetic flux density and the calculation equation of magnetic adsorption force, the adsorption force generated by the permanent magnetic adsorption device when the wall-climbing robot works can be obtained. When using finite element software to calculate the magnetic adsorption force accurately, the magnetic field intensity acting on the surface of the steel plate should be calculated first. The B-H curve of the steel plate should then be interpolated to obtain the magnetic flux density acting on the plate surface. Owing to the heavy workload of interpolation calculation, interpolation calculation is extremely difficult to use in theoretical analysis. To simplify the work of theoretical calculation, in accordance with the concentrated magnetic phenomenon of ferromagnetic materials in the magnetic field, the magnetic flux density without steel plate at the corresponding space position is equivalent to the magnetic flux density acting on the working surface of the steel plate by setting the magnetic concentration coefficient  λ , which is mainly related to the material. Here, we set the magnetic concentration coefficient of carbon steel to be 2. Figure 7 shows the magnetic flux density on the surface of the steel plate calculated using the finite element method at the corresponding position in the magnetic field space, the magnetic flux density at the corresponding position without the steel plate obtained using the theoretical method, and the equivalent magnetic flux density.



The analysis of Figure 7 indicates that in the middle section of the permanent magnet of the Halbach array magnetic circuit, the magnetic flux density, after equivalent magnetic flux density, is close to the result solved using the finite element method. A considerable difference exists at both ends of the permanent magnet. The main reason for the large difference between the results at the two ends is that the magnetization function does not form a good periodicity when only two main magnets exist in the Halbach array magnetic circuit and the end effect of the main magnets. To reduce the error caused by the end effect of the main magnet when the equivalent magnetic flux density is used to solve the magnetic adsorption force, a point is taken from the middle of each main magnet at both ends of the equivalent magnetic flux density curve. The actual magnetic flux density curve at both ends of the magnetic circuit is replaced with a line connecting the zero magnetic flux density at both ends, as shown in Figure 8.



Figure 8 demonstrates that after the two ends of the equivalent magnetic flux density are simplified in consideration of the end effect of the permanent magnet, the result is closer to the result calculated using the finite element software. To verify the accuracy of the above method, when the number of main magnets is 3, 4, 5, 6, 7, and 8, the equivalent magnetic flux density in consideration of the end effect of a permanent magnet is compared to the result calculated using the finite element software, as shown in Figure 9.



Figure 9 presents that with the increase in the number of main magnets, the periodicity of the Halbach array magnetic circuit is more evident. The coincidence degree between the equivalent magnetic flux density in consideration of the end effect and the result calculated using the finite element method is also higher.




3.2. Calculation of Magnetic Adsorption Force


According to Equation (27), i.e., the calculation formula of magnetic adsorption force [26], the relationship between the magnetic adsorption force generated by the Halbach array permanent magnetic adsorption device of the wall-climbing robot, and the number of main magnets during the working magnetic gap can be determined, as shown in Figure 10.


  F =   ∑  n = 1  ∞      B i 2  S cos α   2  μ 0       



(27)




where  F  is the magnetic adsorption force generated by the permanent magnetic adsorption device,    B i    is the magnetic flux density in the magnetic field,  S  is the effective adsorption area,  α  is the angle between the magnetic flux density and the vertical direction of the working surface, and    μ 0    is the vacuum permeability.



Figure 10 illustrates that after the size of the permanent magnetic adsorption device is determined, the magnetic adsorption force shows a changing trend of first increasing and then decreasing by changing the number of main magnets.



In consideration of the deviation between the theoretical analysis results and the actual results, ANSYS software is used to analyze the permanent magnetic adsorption device when the number of main magnets is 2, 3, 4, and 5 and the width ratio of the vice magnet to the main magnet in the x-axis is changed. The aim is to calculate the magnetic adsorption force generated by the permanent magnetic adsorption device of the wall-climbing robot accurately. The analysis is in accordance with the variation trend of magnetic adsorption force and the number of main magnets in the theoretical analysis. The results are shown in Figure 11.



From Figure 11, when the width in the x-axis of the vice magnet is equal to that of the main magnet, the magnetic adsorption force is minimum for two main magnets, approximately equal for three and four main magnets, and small for five main magnets. The variation trend of the magnetic adsorption force and the number of main magnets of the permanent magnetic adsorption device calculated using the finite element software is consistent with the theoretical analysis. When the number of main magnets is determined, the magnetic adsorption force first increases and then decreases by changing the width ratio of the vice magnet to the main magnet in the x-axis. Following the magnetic adsorption force of the Halbach array permanent magnetic adsorption device of the wall-climbing robot calculated using the finite element software, when three main magnets exist, the magnetic adsorption force is the largest when the width ratio of the vice magnet to the main magnet in the x-axis is 0.4.



The analysis results of the Halbach array magnetic circuit indicate that the Halbach array permanent magnetic adsorption device of the wall-climbing robot is improved. The improved device is shown in Figure 12.





4. Experimental Verification


To ensure the safe operation of the wall-climbing robot on the wall and verify the accuracy of the above theoretical method, the magnetic adsorption force generated by the Halbach array permanent magnetic adsorption device of the wall-climbing robot should be measured. In the experiment, the magnetic adsorption force generated by the Halbach array permanent magnetic adsorption device of the wall-climbing robot before the improvement (the number of the main magnets is 5, and the width ratio of the vice magnet to the main magnet is 1) and after the improvement (the number of the main magnets is 3, and the width ratio of the vice magnet to the main magnet is 0.4) is measured with the change in the magnetic gap. The measured magnetic gap range is 5–35 mm, a sampling point is determined every 1 mm near the working magnetic gap of 10 mm, a sampling point is determined every 2 mm in other magnetic gap ranges, each sampling point is measured 5 times, and the average value is regarded as the magnetic adsorption force generated by the permanent magnetic adsorption device in the magnetic gap. The experimental platform is shown in Figure 13. The steel plate used to simulate the working wall is fixed at the bottom of the experimental platform. The experimental platform uses the servo motor to drive the lead screw to rotate to achieve precise adjustment of the distance between the permanent magnetic adsorption device and the steel plate. At the same time, a tension sensor is installed between the permanent magnetic adsorption device and the lead screw nut to measure the magnetic adsorption force generated by the permanent magnetic adsorption device. Figure 14 illustrates the experiment of the wall-climbing robot moving on the wall. The magnetic adsorption force generated by the Halbach array permanent magnetic adsorption device can ensure the reliable adsorption and safe operation of the wall-climbing robot on the wall.



The experimental results of magnetic adsorption force and magnetic gap are shown in Figure 15. At the working magnetic gap of 10 mm, the finite element calculation result of the magnetic adsorption force generated by the Halbach array permanent magnetic adsorption device of the wall-climbing robot before improvement is 6446 N, and the experimental measurement result is 5734 N. The magnetic adsorption force generated by the improved permanent magnetic adsorption device is 7857 N via finite element calculation and 7146 N via experimental measurement. The experimental results show that when the same volume of a permanent magnet is used in the Halbach array permanent magnetic adsorption device of the wall-climbing robot, the magnetic adsorption force generated by the improved permanent magnetic adsorption device is increased by 24.63% compared to before the improvement.




5. Discussion


Based on the Halbach array magnetic circuit analysis of ideal magnetization direction by Professor Mallinson [12], we analyze the Halbach array magnetic circuit with multiple perpendicular magnetization directions, which improves the relevant theory of the Halbach array magnetic circuit analysis. It is simpler to use “equivalent magnetic flux density” to analyze the magnetic adsorption force generated by the permanent magnet adsorption device than to use the quadruple integral to calculate the magnetic adsorption force [20]. By improving the Halbach array permanent magnet adsorption device, the magnetic adsorption force can be increased by about 14.74% compared to the permanent magnet adsorption device with the opposite magnetization direction under the condition of using the same permanent magnet [11].



In this paper, the magnetic adsorption force produced by the different Halbach array magnetic circuits is calculated by analyzing the magnetic flux density distribution of the Halbach array magnetic circuit and combining with the calculation equation of magnetic adsorption force. According to the analysis results, the permanent magnet adsorption de-vice of the wall-climbing robot is improved, and the utilization rate of magnets in the permanent magnet adsorption device is improved. Finally, the lightweight design of the permanent magnet adsorption device of the wall-climbing robot is realized. Wall-climbing robots and permanent magnet devices can be widely used in smart industries, ubiquitous environments, Industry 4.0 and medical devices, etc. [27,28]. We believe that the achievements of this work also have potential application value in other interdisciplinary fields.




6. Conclusions


In this paper, a method to calculate magnetic adsorption force by using the equivalent magnetic flux density is proposed for the Halbach array permanent magnetic adsorption device of a wall-climbing robot. The magnetic adsorption force generated by the permanent magnetic adsorption device of the wall-climbing robot composed of different Halbach array magnetic circuits is calculated using this method, and the accuracy of the method is verified by comparing its result with the finite element analysis results. In accordance with the calculation results, the permanent magnetic adsorption device of the wall-climbing robot is improved. The experimental results also show that the magnetic adsorption force generated by the improved permanent magnetic adsorption device is increased by 24.63% compared to before the improvement in the working magnetic gap.
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Figure 1. (a) Axial motion posture of the wall-climbing robot; (b) Wall-climbing robot circular motion attitudes; (c) Wall-climbing robot permanent magnetic adsorption device. 
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Figure 2. (a) Three-dimensional coordinate system of the Halbach array; (b) Magnetization intensity function of the main magnet; (c) Magnetization intensity function of the vice magnet. 
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Figure 3. (a) Magnetic flux density when the base wave is included; (b) Magnetic flux density of the base wave and fifth harmonic; (c) Magnetic flux density of the base wave, fifth harmonic, and ninth harmonic; (d) Magnetic flux density of the base wave, fifth harmonic, ninth harmonic, and thirteenth harmonic. 
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Figure 4. Magnetic flux density distribution of Halbach array permanent magnet: (a) magnetic flux density distribution on that three-dimensional surface of the permanent magnet; (b) magnetic flux density distribution on the surface of the strong magnetic side in the length direction of the permanent magnet. 
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Figure 5. (a) Results without phase correction; (b) Results after phase correction. 
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Figure 6. (a) When the number of main magnets is 2; (b) When the number of main magnets is 3; (c) When the number of main magnets is 4; (d) When the number of main magnets is 6; (e) When the number of main magnets is 7; (f) When the number of main magnets is 8. 
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Figure 7. Magnetic flux density calculated using different methods. 
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Figure 8. Equivalent magnetic flux density considering end effect. 
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Figure 9. (a) Equivalent magnetic flux density of three main magnets; (b) Equivalent magnetic flux density of four main magnets; (c) Equivalent magnetic flux density of five main magnets; (d) Equivalent magnetic flux density of six main magnets; (e) Equivalent magnetic flux density of seven main magnets; (f) Equivalent magnetic flux density of eight main magnets. 






Figure 9. (a) Equivalent magnetic flux density of three main magnets; (b) Equivalent magnetic flux density of four main magnets; (c) Equivalent magnetic flux density of five main magnets; (d) Equivalent magnetic flux density of six main magnets; (e) Equivalent magnetic flux density of seven main magnets; (f) Equivalent magnetic flux density of eight main magnets.
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Figure 10. Magnetic adsorption force with different numbers of main magnets. 
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Figure 11. Relationship between adsorption force and the number of main magnets and the width of vice/main magnets. 
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Figure 12. Improved permanent magnetic adsorption device. 
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Figure 13. Magnetic adsorption force measurement experiment. 
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Figure 14. Wall motion experiment of the wall-climbing robot. 
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Figure 15. Experimental results of magnetic adsorption force. 
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