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Abstract

:

Series iron core reactors are one of the most commonly used electrical equipments in power systems, which can limit short-circuit currents and suppress harmonic waves from capacitor banks. However, the vibration of the reactor will not only generate noise pollution but also diminish the service life of the reactor and jeopardize power system safety. In order to reduce the vibration noise in the core disc region of the reactor, the vibration characteristics of a core reactor are calculated by modifying the anisotropy parameters of the Young’s modulus of the core disc lamellar structure and introducing the core magnetostriction effect based on the simulation analysis method of electromagnetic and mechanical coupling. A detachable single-phase series core reactor model is established, and the validity of the simulation calculation is measured and verified. At the same time, from the perspective of improving the air gap size of the series core reactor and the arrangement of electrical steel sheets, the corresponding iron core vibration reduction scheme is given. The average vibration reduction in the reactor is about 11.6% after comprehensive improvement according to the vibration reduction scheme, which provides an effective method for realizing the vibration and noise reduction in the reactor.
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1. Introduction


With the advent of the high-capacity grid era, an increasing number of nonlinear loads are installed in the grid, and sine wave voltages on nonlinear loads become distorted into harmonics. Reactors and transformers are also installed in populated areas, hence, transformers and reactors in the course of work will produce vibration noise; the presence of harmonic vibration noise is particularly noticeable, which has led to increasing concern about environmental noise pollution. Noise can not only affect people’s hearing, but also cause great psychological damage unconsciously. The improvement and optimization of electrical equipment is one of the important means to solve the noise pollution of industrial equipment at the source.



In order to solve the noise problem, there are plenty of noise reduction methods for reactor vibration, such as: timing and regular adjustment of the tank base of the correction oil immersion reactor. These noise cancellation methods generally do not address the root causes of vibration problems in terms of isolation and noise reduction. Therefore, this paper will study the vibration problem of iron cores, the main source of vibration from the reactor.



The ferromagnetic material of the core of the reactor is mainly electrical steel sheet; the magnetic domain of the electrical steel turns in the same direction under the action of the external magnetic field. The outward manifestation of the electrical steel sheet shape and size is the phenomenon of the shortening or elongation of the nanoscale; this phenomenon is called magnetostrictive. Since the upper and lower iron yoke of the reactor and the discus are stacked from electrical steel sheets, the magnetostrictive effect causes vibration of the reactor, whose vibration period is closely related to the frequency at which the excitation is applied. Because the reactor core air gap is larger, the electromagnetic force is larger, so the electromagnetic force in the reactor caused by the core vibration must not be ignored.



As an important parameter for reactor noise simulation, magnetostriction has attracted much attention. In 2011, scholars such as Piotr K. Klimczyk used the Epstein Frame to study the magnetostriction phenomenon, and the research showed that the peak value of rotational magnetostriction in the vertical rolling direction of the electrical steel sheet was smaller. A measuring device of rotating magnetostrictive can be used to predict the data measured by the Epstein Frame under stress [1]. In 2012, Piotr K. Klimczyk et al. used different processing methods to explore the sensitivity of magnetostrictive stress, and the results showed that laser cutting would produce greater sensitivity curve deviation [2]. Since 2013, Yuichiro Kai and other scholars have designed vector magnetic properties and magnetostriction measurement devices under stress and tested electrical steel sheets under uniaxial stress. The results show that uniaxial stress increases the amplitude of magnetostriction. In 2014, two mutually perpendicular biaxial stresses were applied, and the research showed that the biaxial tension could improve the magnetic characteristics of the electrical steel sheet and reduce magnetostriction at the same time. In 2015, the shear stress under alternating and rotating magnetic fields was studied, and the results showed that the amplitude and phase of magnetostriction changed [3,4,5]. In 2013, Hirotoshi Tada et al. studied magnetostriction and hysteresis loss under different stresses and crystal structures, so they added different proportions of silicon and aluminum to electrical steel sheets and measured their hysteresis loss [6]. In 2014, Yoshihiko Oda found that when the proportion of silicon elements exceeded 3.5%, the strain decreased significantly [7]. In 2015, Daisuke Wakabayashi et al. discussed the vector characteristics of magnetostriction under alternating magnetization and adopted a new measurement method to deal with the angular relationship between magnetostriction and magnetic flux density [8]. In 2016, Sakda Somkun studied local deformation caused by magnetostriction [9]. In the same year, Setareh Gorji Ghalamestani and other scholars measured electrical steel sheets under higher harmonics and explained this phenomenon with magnetic domains [10]. In 2018, Otmane Lahyaoni et al. performed finite element calculations using a laminated model and performed vibration measurements, demonstrating that magnetostrictive strain can induce mechanical resonance at a very low amplitude [11]. Since 2020, a large number of scholars have studied the giant magnetostrictive brake. A giant magnetostrictive actuator has the characteristics of small volume, large stress, large strain, and fast response, and has been widely used in ultra-precision machining, micro-machining, micro-vibration control, precision positioning, and other fields. Xiaojun Ju et al. established the displacement model of giant magnetostrictive actuators based on the Jiles–Atherton theory and the quadratic law. Zhaoqi Zhou et al. analyzed the internal magnetic field characteristics of giant magnetostrictive brakes based on electromagnetic theory and the finite element method [12,13,14,15].



In terms of vibration research on a reactor, Liu Ji analyzed the vibration of the reactor core through a multi-physics coupling simulation and showed that the vibration was caused by both magnetostrictive force and electromagnetic force, in which the magnetostrictive force was dominant [16]. Zhu Lihua and other scholars carried out multi-physical field simulation on a 4.4 kVar/220 V reactor. The time-domain and frequency-domain signals of the core vibration are analyzed, and it is pointed out that changing the excitation magnitude will change the vibration of adjacent periods of the reactor [17]. Zhang Pengning et al. studied the vibration characteristics of magnetron reactors under different working conditions. The rated voltage of a 10.5 kV reactor is modeled, and a finite element analysis shows that the air gap of different Young’s moduli has a great influence on the vibration performance of the reactor. Later, the vibration of the transformer core and shunt reactor model was simulated by the magnetostrictive quadrature calculation method. The results show that the air gap has a great influence on the vibration of the shunt reactor core [18,19,20]. Yan Rongge et al. established a reactor simulation model. After harmonic injection, the vibration decreases and the stress is concentrated in the air gap, corner, and core surface [21]. Wu Shuyu et al. conducted a coupling calculation of the multi-physical field on the vibration noise of the reactor by electromagnetic structure-noise and obtained the conclusions that the force direction of the winding makes the reactor tend to diverge, the axial force is small in the middle and the two sides are large, the radial force is large in the middle and the two sides are small, and the maximum noise point is located in the upper yoke of the core [22]. Wu Yongye proposed a method of operating the state recognition of converter transformers based on vibration detection technology and a deep belief network optimization algorithm [23]. Scholars such as Guo Jiayi have provided a vibration reduction scheme based on an air gap length differential arrangement for the iron core design of existing UHV shunt reactors [24]. Ben Tong et al. combined the vector magnetostriction model with the finite element method to simulate the vector vibration characteristics of a DC biased magnetron reactor [25,26]. Yang Kai et al. conducted an in-depth study on the wideband active vibration isolation of nonlinear bistable electromagnetic actuators with elastic boundaries [27].



In order to reduce the vibration noise of the reactor and ensure the safety and reliability of the reactor and power system operation, the vibration performance of the reactor core is studied from the angle of combining experiment and theory, and the vibration and noise reduction scheme is put forward. By modifying the anisotropy characteristics of the Young’s modulus of the reactor core disc, a reactor core model is simulated based on the modified data and the vibration reduction effect of changing the core disc parameters is tested according to the modified reactor core model.




2. Adjustment of Young’s Modulus for Core Disc


2.1. Experimental Test of Natural Frequency of Reactor Core Disc


In this paper, a self-made series reactor core disc is measured through a modal experiment, and the natural frequencies are determined from the free vibration response data. The experimental apparatuses utilized for the measurement are presented in Table 1.



The entire structure of the reactor core disc includes laminates made of electrical steel sheets and outer adhesive tape, among other structures. The outer adhesive tape structure is used to secure the electrical steel sheet laminates in the core disc. If the fixed structure is removed, the electrical steel sheet will be completely loose and the mode of the core disc cannot be determined, so this part of the structure is retained during the experiment.



In the experiment, the natural frequency of the reactor core disc was measured by a single-point measurement and multi-point tapping methods. Due to the small size of a single core disc, in order to better obtain the natural frequency of core disc, the core disc was lifted by elastic rope in the laboratory. A sensor was installed on the side of the core disc and tapping points were evenly arranged around it. The experimental device and tapping point are shown in Figure 1. Black is the location of the measuring point; gray is the location of the tapping point.



At each tapping point, we tapped three times and took the average value of the three results to draw the frequency response curve of the tapping point. The natural frequency of the reactor core disc was obtained after processing the vibration signal.



In this paper, only natural frequencies within 2000 Hz are considered in the modal experimental measurement and simulation of reactor core disc, so only the first nine orders of core disc free modal are made. Table 2 shows the experimental results of the core disc free modal natural frequencies, and each order of reactor core disc natural frequencies can be seen.




2.2. Young’s Modulus Adjustment in the Core Disc Direction


The natural frequency of the reactor core disc was obtained through modal experiments, and the Young’s modulus of the core disc in the lamination direction was modified based on this. The initial values of the structural mechanical parameters of the iron core materials are shown in Table 3.



The present study employs the “modal experimental proofreading method” to determine the elastic modulus in the direction of the core lamination. The specific process of modal experimental proofreading method is as follows: first, the natural frequency of the reactor core disc was determined by the experimental measurement of free modal. Then, the reactor core disc was modeled, and its core material is set as an orthotropic material. By keeping the elastic modulus of the two directions in the laminated plane (assuming that the two directions in the plane are, respectively, x and y directions) unchanged, the elastic modulus of the reactor core disc in the laminated direction (assuming that it is z direction) is constantly adjusted, and the natural frequencies of the core disc model with different elastic modulus are calculated by simulation. Finally, the natural frequency calculated by the simulation is compared with the natural frequency measured in the experiment, and the elastic modulus in the z direction set by the simulation is found when the two are closest to each other, and this value is regarded as the elastic modulus in the direction of the actual reactor core disc lamination. The flow chart of the above process is shown in Figure 2.



Based on the modal experimental proofreading method, the Young’s modulus and shear modulus of the lamination direction (z direction) in the modal analysis simulation are constantly adjusted by comparing with the natural frequency results of the reactor core disc modal experiment, so that the modal analysis results are close to the experimental results. Figure 3 shows the mode shape of the reactor core disc at a natural frequency of 840 Hz. In the figure, the red color part indicates the larger deformation, and the blue color part indicates the smaller deformation.



It is easy to see from the figure that in this mode, the four corners of vibration of the reactor core disc are larger than the middle vibration. The value of Young’s modulus after adjustment is shown in Table 4.



The modified elastic modulus was used for simulation calculations and the natural frequency of the core disc in the range of 2000 Hz was obtained; the simulation value was compared with the experimental value, as shown in Table 5.



It can be seen from the table that by adjusting the Young’s modulus and shear modulus of the core disc in the lamination direction of the reactor core disc modal simulation, the error between the simulation results of the reactor core disc and the natural frequency of the modal test is the largest at the seventh order, which is 8.75%.



The modal simulation is simplified on the fixed structure of the core disc. The comparison between the simulation results and the measured results demonstrates that the simplification of the vibration calculation model of the core disc has little impact on its modal results, while still accurately reflecting the vibration characteristics of the actual core disc. At the same time, the change of Young’s modulus and shear modulus in the lamination direction makes the results closer to the measured values. This lays a foundation for the follow-up study of reactor vibration performance closer to the actual situation.





3. Vibration Performance Analysis of Reactor Core


3.1. Establishment of Magnetic Mechanical Coupling Model of Iron Core Reactor


Under the action of magnetostrictive force and electromagnetic force, electrical equipment such as reactors will produce vibration. In order to study the electromagnetic vibration of reactors, it is necessary to couple the electromagnetic field with solid mechanics, and then solve the vibration of reactors under working conditions.



Stress and strain can describe the mechanical state of any continuum. When studying the stress state at a point in the object, the stress is usually decomposed into normal stress and shear stress, which are perpendicular to the action surface and parallel to the action surface. The stress tensor is generally used to represent the multiple directionality of the stress state at a point in the object. A tiny parallelepiped is taken around the point along the x, y, and z directions, as shown in Figure 4.



In Figure 4, the normal vectors of each side of the parallelepiped coincide with the three-dimensional coordinate axis, respectively. There are nine stress components in the six faces, namely the normal stress σx, σy, σz, and the shear stress τxy, τyx, τxz, τzx, τyz, τzy. According to the law of reciprocal shear force, τxy = −τyx, τxz = −τzx, τyz = −τzy, and the nine stress components can be reduced to six independent components. That is, the stress state at a certain point of the object is described by the normal stresses σx, σy, σz, and the shear stresses τxy, τyz, and τzx.



A non-contact force like electromagnetic force, gravity, and so on is a volumetric force acting on all particles inside an object. If the object is in equilibrium under the action of volume force, then the object is divided into arbitrary shape units, and the units are also in equilibrium. In elasticity, the equation describing the relationship between volume force and stress is called an equilibrium differential equation and is expressed in Equation (1).


        ∂  σ x    ∂ x   +   ∂  τ  y x     ∂ y   +   ∂  τ  z x     ∂ z   +  F x  = 0       ∂  τ  x y     ∂ x   +   ∂  σ y    ∂ y   +   ∂  τ  z y     ∂ z   +  F y  = 0       ∂  τ  x z     ∂ x   +   ∂  τ  y z     ∂ y   +   ∂  σ z    ∂ z   +  F z  = 0      



(1)







In the formula, the unit forces in the x, y, and z directions are represented by Fx, Fy, and Fz.



The length and thickness of the object will change after the force is exerted. Generally, the length is lengthened or shortened, and the thickness will become thinner or thicker. This deformation is described by strain. Similar to the method of studying stress, the strain at a point of an object can take three line segments along the x, y, z directions near the point. The elongation of the line segment is positive and the direction is the elongation direction, denoted by εx, εy, and εz. The right angle between line segments decreases to positive, and the direction is the direction in which the angle decreases, expressed by γxy, γyz, and γzx.



In elasticity, geometric equations are used to express the relationship between the strain and displacement of a stressed object. The displacement generated by the force object in space is decomposed into three directions x, y, and z along the coordinate axis, then the geometric equation is as shown in Equation (2).


       ε x  =    ∂ u     ∂ x    ,  γ  y z   =    ∂ w     ∂ y    +    ∂ v     ∂ z         ε y  =    ∂ v     ∂ y    ,  γ  z x   =    ∂ u     ∂ z    +    ∂ w     ∂ x         ε z  =    ∂ w     ∂ z    ,  γ  x y   =    ∂ v     ∂ x    +    ∂ u     ∂ y         



(2)




where u, v, and w represent the displacement in the x, y, and z directions, respectively.



In order to describe the relationship between stress and strain in space objects, the constitutive equation of elastic materials is also needed, that is, the physical equation. In elasticity, the physical equation is expressed as Formula (3).


        σ x       σ y       σ z       τ  x y        τ  y z        τ  z x        =   E   1 − α       1 + α     1 − 2 α          1     α  1 − α        α  1 − α      0   0   0       α  1 − α      1     α  1 − α      0   0   0       α  1 − α        α  1 − α      1   0   0   0     0   0   0      1 − 2 α   2   1 − α        0   0     0   0   0   0      1 − 2 α   2   1 − α        0     0   0   0   0   0      1 − 2 α   2   1 − α                 ε x       ε y       ε z       γ  x y        γ  y z        γ  z x         



(3)




where E is the Young’s modulus of the material; α is Poisson’s ratio.



The potential energy of the current of the core reactor, the potential energy of the magnetic field and its boundary, the magnetostrictive energy, the strain energy, and the work force balance achieved by external forces are as follows (4):


    I =    ∫   Ω 1        ∫ 0 B  H · d B   d Ω    −    ∫   Ω 1        ∫ 0 A  J · d A   d Ω    −    ∫   Γ 1        ∫ 0 A    H × n   d A   d Γ        +    ∫   Ω 2        σ T  · d H   d Ω    +    ∫   Ω 2        ∫ 0 ε  σ · d ε   d Ω    −    ∫   Γ 2        f Γ  · u   d Γ    −    ∫   Ω 2        f Ω  · u   d Ω       



(4)




where, Ω1, Ω2, Γ1, and Γ2 are the analytical domains and boundaries of the electromagnetic field and the mechanical field; ƒΓ, ƒΩ are the outer surface force and outer volume force densities of the mechanical field. σT is the magnetostrictive stress under the external magnetic field; d is the magnetostrictive coefficient.



The reactor is stationary when it works; it is balanced by gravity and supporting forces, and the reactor can be regarded as not subject to external forces, namely:


  −    ∫   Γ 2        f Γ  · u   d Γ −    ∫   Ω 2        f Ω  · u   d Ω = 0        



(5)






  I =    ∫   Ω 1      1 2  H · B d Ω    −    ∫   Ω 1     A · J d Ω    +    ∫   Ω 2        σ T  · d H   d Ω    +    ∫   Ω 2      1 2  σ · ε d Ω     



(6)







Formula (6) is expanded according to Formula (3) to get Formula (7):


    I =    ∫   Ω 1      1 2     v    B x 2  +  B y 2  +  B z 2    d x d y d z −    ∫   Ω 1        A x   J x  +  A y   J y  +  A z   J z       d x d y d z     + E    ∫   Ω 2       d v  B x   ε x  + d v  B y   ε y  + d v  B z   ε z       d x d y d z     +    ∫   Ω 2       E   1 − α       1 + α     1 − 2 α          ε x 2  +  ε y 2  +  ε z 2      +   2 α   1 − α      ε x   ε y  +  ε x   ε z  +  ε y   ε z        +   1 − 2 α   2   1 − α        γ  x y  2  +  γ  y z  2  +  γ  z x  2           d x d y d z    



(7)







The relationship between vector magnetic potential and magnetic flux density is as follows (8):


       B x  =   ∂  A z    ∂ y   −   ∂  A y    ∂ z        B y  =   ∂  A x    ∂ z   −   ∂  A z    ∂ x        B z  =   ∂  A y    ∂ x   −   ∂  A x    ∂ y        



(8)







Node vector magnetic potential and vibration displacement are as follows (9):


        ∂ I   ∂  A  j i     =   ∑ e     ∂  I e    ∂  A  j i  e    = 0   i = 1 , 2 , ⋯ m ; j = x , y , z           ∂ I   ∂  u  j i     =   ∑ e     ∂  I e    ∂  u  j i  e    = 0   i = 1 , 2 , ⋯ n ; j = x , y , z          



(9)




where, m and n are the nodes of the electromagnetic field and the mechanical field.



The finite element matrix equation can be obtained, which can be expressed as:


  K X = F  



(10)




where, K is the stiffness matrix; X is the column matrix of vector magnetic potential A and vibration displacement u; F is the column matrix of impressed current density and external force density. The vector magnetic potential A and vibration displacement u of the reactor core can be obtained by solving the finite element matrix equation.




3.2. Comparative Analysis of Simulation Results of Core Reactors under Different Prestrains


The vibration of the reactor core is the primary contributing factor to the overall reactor vibration, and the electromagnetic force between the core discs induces mutual attraction, leading to deformation. Next, the magnetic mechanical coupling model of core reactors considering the elastic modulus in the direction of core disc lamination and different pre strains will be established, and the core reactor with a rated current of 28 A will be simulated and analyzed. The core simulation model of the reactor is shown in Figure 5.



The specific size and material of the iron core are as follows: the length of the upper and lower iron yoke is 180 mm, the height is 30 mm, and the thickness is 40 mm. The core disc is 40 mm long, 30 mm high, and 40 mm thick, and the upper and lower iron yoke and core disc are oriented electrical steel sheet 30Q120. There are 12 square air gaps between the core disc and the upper and lower yoke as well as between the core disc. Each air gap has a side length of 40 mm and a thickness of 1 mm. The material of the air gap is epoxying laminated glass cloth plate.



In order to describe the magnetostrictive effect accurately and effectively in the simulation software, it is necessary to set the prestrain on the material properties of the electrical steel sheet of the reactor core and core disc. The magnetostrictive measuring instrument was used to measure the materials of oriented electrical steel 30Q120 and non-oriented electrical steel 50AW40 several times. After taking the average of the multiple measurement results, the cubic spline interpolation method was used to fit. The results of curve fitting are shown in Figure 6.



In order to enhance the accuracy and effectiveness of modeling and simulating vibrations in a core reactor, the Young’s modulus of the core disc stacking direction was adjusted using the modal experimental verification method. The final modified orthogonal anisotropic structural mechanical parameters of the core disc are presented in Table 4.



When current excitation is applied to the reactor, the coil is set to uniform multiple turns and a 50 Hz 28A sinusoidal current is applied to the winding. Figure 7a–d shows the distribution of the magnetic flux density modulus of the reactor core when t is 0.004 s, 0.008 s, 0.01 s, and 0.02 s, respectively.



It can be seen that the current sizes of the four moments are different, and the magnetic flux density modulus are also different. When t = 0.004 s, the maximum flux density modulus is 0.34 T, and when t = 0.01, the maximum flux is 1.08 T, and the maximum flux is at the upper and lower yoke corners of the core. Due to the significant air gap at the core disc, the magnetic flux density modulus value is not large, which is half of the maximum magnetic flux density modulus value at the corresponding time.



In order to explore the contribution of electromagnetic force and magnetostriction to the reactor vibration, the force distribution diagram of the iron core under the combined action of them is shown in Figure 8, when t = 0.004 s and t = 0.01 s. It can be seen from Figure 8 that the reactor is subjected to different stresses at different times. At t = 0.004 s, the force is measured to be 6.46 × 104 N/m2, while at t = 0.01 s, it increases to 6.58 × 104 N/m2, indicating a larger force magnitude. Compared with Figure 7, it is found that when t = 0.004 s, the magnetic flux density is small, and the force is small. When t = 0.01 s, the magnetic flux density is larger, and the force on the reactor is also larger; so, the force on the reactor is closely related to the magnetic field distribution.



In order to investigate the vibration acceleration resulting from the separate influence of the electromagnetic force and the magnetostriction effect on the reactor core in different directions, the positive center of the upper yoke A was selected as the test point to simulate the vibration acceleration of the test point A, as shown in Figure 9.



In the figure, the red line represents the vibration acceleration at point A when only electromagnetic force is applied, and the blue line represents the vibration acceleration at point A when only magnetostriction is applied.



It is not difficult to find that the contribution of electromagnetic force to vibration at the test point A in different directions is greater than that of the magnetostriction effect. The vibration frequency of the reactor core is 100 Hz, that is, the period is 0.01 s. When the magnetostrictive effect is not considered, the amplitude of vibration acceleration in the z direction is the largest, with a maximum value of 0.95 m/s2; when the electromagnetic force is not considered, the amplitude of vibration acceleration in the z direction is the largest, with a maximum value of 0.16 m/s2.





4. Research on Vibration Reduction Measures of Iron Core


4.1. Vibration Measurement System


In this paper, a series core reactor model with a disassembly core disc is built and the vibration performance of the reactor core is tested. The inertial vibration measurement method is adopted in this paper. During measurement, the instrument is directly fixed on the object to be measured. When the test object vibrates, the sensor will vibrate together with the test object, and the inertial mass of the elastic support in the sensor will move relative to the sensor housing. The absolute vibration displacement waveform of the object can be obtained through the relative vibration displacement relation between the two, and other vibration parameters can be obtained. The vibration measurement system is mainly divided into three parts: experimental reactor body, vibration sensor, and signal processing device. In this paper, a PCB piezoelectric acceleration sensor produced in the United States is selected as the test probe, and its measurement accuracy and accuracy meet the experimental requirements. The PCB sensor can obtain the vibration signal in real time. The experimental device and sensor are shown in Figure 10.



In order to explore the vibration characteristics of the reactor core, a dry type series iron core reactor was designed and made for research, which mainly carried out uniform spacing air gap experiments, non-uniform spacing air gap experiments, and different core disc electrical steel sheet arrangement experiments. The reactor prototype parameters are shown in Table 6.



During each experiment, the probe of the data acquisition system was utilized to collect signals at the test point of the dry type series iron core reactor, and the vibration signals of each experiment were saved and recorded for subsequent analysis and processing. In this specific experiment, the vibration sensor is affixed to the yoke on the core using specialized wax. This method is characterized by its simplicity, repeatability, non-interference with electromagnetic and vibration signals of the reactor, as well as excellent frequency response characteristics.




4.2. Research on Vibration Reduction Scheme of Reactor Core


In order to verify the validity of the simulation adjustment of Young’s modulus in Section 2, a comparative analysis was conducted between the simulation and experiment before and after correcting the Young’s modulus of the core reactor. The positive center of the upper yoke A was selected as the test point, and the results are shown in Figure 11.



The improved simulation results in Figure 11 demonstrate a higher level of agreement between the Young’s modulus values for the laminated sheet of the reactor core disc, considering its structural characteristics, and the corresponding experimental data. This substantiates that modifying the Young’s modulus of the core disc enables a more accurate representation of its actual situation. However, there is still a certain error from the actual value, which is because the fixed constraint structure such as clamps and bolts, which have little influence on vibration performance, is ignored during the modeling of the reactor core and winding. Although only ignoring the constraint structure has little influence on vibration performance, in the actual experiment, the reactor will also be affected by many external factors such as air resistance, mechanical friction, and process problems of homemade reactors. Considering the influence of the above factors, there will be certain errors between the simulation calculation and the experimental measurement results.



The overall vibration of the reactor can be effectively minimized by reducing the vibration in the z direction, which is where the primary vibration of the reactor core is concentrated. Therefore, in the actual experiment, only the vibration acceleration in the z direction of the reactor is collected. By keeping the total length of the air gap between core discs unchanged at 6 mm and adjusting the length of the air gap at different positions of the core, the influence of the change of the air gap length between the core discs on reactor vibration was calculated and summarized.



The iron yoke of the reactor was assessed for vibration at three designated test points: central test point A, test point B located above the edge of the reactor core disc, and test point C positioned above the center of the reactor core disc. The distribution of test points for reactor vibration parameters is shown in Figure 12.



After screening by a simulation calculation, the air gap arrangement of the improved reconstituted reactor is 1 mm, 0.5 mm, 2 mm, 1 mm, 0.5 mm, and 1 mm from top to bottom, respectively. In contrast, the unimproved reactor maintains a uniform air gap arrangement of 1 mm. Other parameters of the reactor are consistent except the length of the air gap. The vibration parameters of A, B, and C are shown in Figure 13.



It can be seen that the overall improved vibration acceleration value is slightly less than the pre-improved vibration acceleration value. The specific vibration acceleration value pairs of the three test points are shown in Table 7. It can be found that the vibration acceleration of measuring point B is the largest, and the vibration acceleration after improving the air gap is 8.051% lower than that before the transformation.



Next, the influence of the arrangement of electrical steel sheets on reactor vibration is explored. For the reactor used in the experiment, there are theoretically a variety of arrangement modes of core disc electrical steel sheet. After the simulation calculation, the improved and restructured reactor core disc electrical steel sheet is arranged as 50AW400, 30Q120, 50AW400, 30Q120, 50AW400, respectively. In contrast, the grade arrangement of the reactor core disc electrical steel sheet in the control group is five pieces of 30Q120. The measurement results are shown in Figure 14. The specific vibration acceleration measurement results of the test points are shown in Table 8.



After improving the arrangement mode of the core disc electrical steel sheet, the vibration acceleration is reduced by 5.107% on average, compared with that before the transformation. Although the vibration reduction effect is not as obvious as adjusting the air gap arrangement mode between the core disc, it does not conflict with adjusting the air gap arrangement mode between the core disc and can be comprehensively applied.



The length of the air gap between the core disc and the arrangement of the core disc electrical steel sheet are comprehensively applied. After comprehensive application, the vibration parameters of the reactor are re-measured. The measurement results are shown in Figure 15. The specific vibration acceleration measurement results of the test point are shown in Table 9.



It can be seen that through the comprehensive improvement of the vibration reduction scheme, the vibration acceleration at point A is reduced by about 8.858%. At point B, the vibration acceleration decreases about 16.68%. At point C, the vibration acceleration decreases by 7.674%. The overall average vibration acceleration is reduced by about 11.60%, and the comprehensive improvement of the air gap and electrical steel sheet grade arrangement can further reduce the reactor vibration and, effectively, reduce the vibration.





5. Conclusions


Based on the experimental measurements, the elastic modulus in the lamination direction of the core sheet is modified, and the structural anisotropic of the mechanical parameters of the electrical steel sheet are considered. On this basis, the simulation and experimental verification of the core reactor are carried out and the vibration reduction scheme of the reactor core vibration performance is proposed. The results are as follows:



(1) Through a modal experimental proofreading method, the Young’s modulus in the lamination direction is adjusted. The experimental data show that the adjusted simulation results are closer to the experimental values, which lays a foundation for the subsequent vibration performance research of the reactor to be closer to the actual situation.



(2) The results show that the magnetostrictive force and the electromagnetic force of the reactor have different effects on its vibration in different directions. When the two act together, the vibration acceleration amplitude of the reactor core in the z direction is the largest.



(3) A self-made detachable single-phase series core reactor is experimentally analyzed. The effects of the air gap length between different core discs and the arrangement of the core disc electrical steel sheet on the vibration acceleration of the reactor are measured; the results show that the vibration reduction in the reactor is about 11.6% after comprehensive improvement. It provides a theoretical basis for further research on vibration and noise reduction in reactors.
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Figure 1. The distribution of test points and tapping points in the core disc modal experiment. (a) Physical drawing; (b) core disc test point diagram. 
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Figure 2. Flow chart of modal experimental alignment method. 
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Figure 3. Mode shape of core disc with natural frequency of 840 Hz. 
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Figure 4. Stress tensor. 
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Figure 5. Reactor core simulation model diagram. 
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Figure 6. The fitting curve of magnetostriction and magnetic flux density of electrical steel sheet. (a) 30Q120; (b) 50AW40. 
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Figure 7. Magnetic flux density modulus distribution of reactor core. (a) T = 0.004 s; (b) T = 008 s; (c) T = 0.01 s; (d) T = 0.02 s. 
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Figure 8. Core stress distribution. (a) T = 0.004 s; (b) T = 0.01 s. 
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Figure 9. The vibration acceleration of point A is measured under the separate action of electromagnetic force and magnetostriction effect. (a) X direction; (b) Y direction; (c) Z direction. 
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Figure 10. Experimental devices and sensor. (a) Experimental apparatus; (b) sensor. 
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Figure 11. The simulation improves the vibration acceleration curve. 
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Figure 12. Reactor vibration test points. 
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Figure 13. Vibration acceleration curve before and after air gap length improvement. (a) Point A; (b) Point B; (c) Point C. 
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Figure 14. Vibration acceleration curve of electrical steel sheet before and after improvement. (a) Point A; (b) Point B; (c) Point C. 
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Figure 15. Comprehensively improve the acceleration curve of front and rear vibration. (a) Point A; (b) Point B; (c) Point C. 
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Table 1. Experimental apparatuses for modal analysis.
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	Device Name
	Producer
	Model Number





	data collection system
	Germany HBM
	Quantum MX410B



	excitation force hammer
	Denmark B&K
	8206-002



	acceleration sensor
	Denmark B&K
	4528B










 





Table 2. Reactor core disc modal test results.
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	Rank
	Frequency/Hz





	1
	32.6



	2
	46.8



	3
	75.4



	4
	187



	5
	224



	6
	479



	7
	880



	8
	1435



	9
	1638










 





Table 3. Initial values of structural mechanical parameters of iron core materials.
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	Structural Mechanics Parameter
	X Direction
	Y Direction
	Z Direction





	Young’s modulus (Pa)
	1.5 × 1011
	1.5 × 1011
	4 × 107



	Poisson’s ratio
	0.28
	0.28
	0.28



	Shear modulus (Pa)
	5.9 × 1010
	5.9 × 1010
	1.56 × 107










 





Table 4. Adjustment value of structural mechanical parameters of iron core materials.
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	Structural Mechanics Parameter
	X Direction
	Y Direction
	Z Direction





	Young’s modulus (Pa)
	1.5 × 1011
	1.5 × 1011
	2.6 × 107



	Poisson’s ratio
	0.28
	0.28
	0.28



	shear modulus (Pa)
	5.9 × 1010
	5.9 × 1010
	1.02 × 107










 





Table 5. Comparative analysis of reactor core disc modal experiment results.
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	Rank
	Simulation Frequency/Hz
	Experimental Frequency/Hz
	Error/%





	1
	35.1
	32.6
	7.67



	2
	48.3
	46.8
	3.21



	3
	78.4
	75.4
	3.98



	4
	198
	187
	5.88



	5
	242
	224
	8.04



	6
	516
	479
	7.72



	7
	957
	880
	8.75



	8
	1525
	1435
	6.27



	9
	1778
	1638
	8.55










 





Table 6. Reactor prototype parameters.
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	Type
	Argument





	number of turns/N
	180



	number of gaps/n
	6



	gap thickness/mm
	1



	yoke width/mm
	180



	column width/mm
	40



	The height of the tortilla/mm
	30










 





Table 7. Comparison of vibration reduction effect before and after air gap length improvement.
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	Station Number
	A
	B
	C
	Mean Value





	before improvement/m·s−2
	0.983976
	1.38690
	0.979353
	1.11674



	after improvement/

m·s−2
	0.920531
	1.22078
	0.944855
	1.02872



	relative acceleration reduction/%
	6.892
	13.61
	3.651
	8.051










 





Table 8. Comparison of vibration reduction effect of electrical steel sheet before and after improvement.
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	Station Number
	A
	B
	C
	Mean Value





	before improvement/m·s−2
	0.983976
	1.38690
	0.979353
	1.11674



	after improvement/

m·s−2
	0.926063
	1.33525
	0.926136
	1.06248



	relative acceleration reduction/%
	6.254
	3.868
	5.746
	5.107










 





Table 9. Comparison of vibration reduction effect before and after comprehensive improvement.






Table 9. Comparison of vibration reduction effect before and after comprehensive improvement.





	Station Number
	A
	B
	C
	Mean Value





	before improvement/m·s−2
	0.983976
	1.38690
	0.979353
	1.11674



	after improvement/

m·s−2
	0.903911
	1.18858
	0.909547
	1.00068



	relative acceleration reduction/%
	8.858
	16.68
	7.674
	11.60
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