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Abstract

:

The advantages of the proposed dual-mode magnetic suspension are it having a high level of safety and a compact structure compared with the previous studies. However, the structure parameters can affect the energy harvesting of the suspension system. Therefore, this paper aims to analyze the energy-harvesting characteristics of the proposed dual-mode magnetic suspension. Firstly, the structure and working principle of the proposed suspension are introduced. Then, the influences of the various parameters for the actuator on the energy regeneration characteristics are analyzed by the finite element method, such as the magnetic ring, the fixed plug thickness, the heat dissipation, and the air gap, and the actuator parameters are defined by the orthogonal analysis method. Furthermore, the numerical results of the energy harvesting are calculated. Finally, the vibration experimental setup is manufactured, and the simulation analysis is verified by the experiment. The results demonstrate that the excitation amplitude is 3.1 mm, the frequency is 18 Hz, and the maximum induced EMF is 8.8 V. Additionally, compared with passive suspension, the energy harvesting of the proposed suspension has been verified in the laboratory, which lays the foundation for the design and analysis of the dual-mode magnetic suspension in a real vehicle.
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1. Introduction


In energy-harvesting suspension, a set of energy regeneration devices is used to replace the traditional damper to alleviate the impact of the road surface and recover the vibration energy of the suspension caused by the road surface excitation during the running of the vehicle. In order to recover and reuse this part of the energy, various forms of energy-harvesting suspensions have been proposed. Since the end of the 1970s, scholars began to theoretically calculate and analyze the feasibility of vibration energy regeneration for vehicle suspension. The current energy-harvesting suspension types mainly include mechanical energy-harvesting suspension [1,2], electro-hydraulic energy harvester [3,4] and electromagnetic energy-harvesting suspension [5,6]. In the energy-harvesting system, the harvested energy from the suspension vibration is transformed into electrical energy to power the electronic equipment, which is a self-powered technology [7,8], and the generated reaction force from the harvester can reduce the vibration of the system.



The energy-harvesting and active control technologies from the vehicle suspension system have been widely investigated, and different energy-harvesting suspension structures have been proposed. Zhang et al. [9] proposed a ball screw-type energy regenerative active suspension, and they established the mathematical model of the energy regenerative actuator. Florean-Aquino et al. [10] investigated semi-active modern control for a quarter-vehicle suspension with a magnetorheological damper. Yang et al. [11] designed a hybrid vehicle suspension system that can regenerate energy from vibrations, and they verified its energy-harvesting performance. The structure of regenerative suspension combined with the linear generator was considered by Kim et al. [12], and the maximum power and the average power were 586.43 W, and 214.98 W, respectively. Arroyo et al. [13] designed and tested a new electromagnetic generator, and the vibration energy harvesting process with a nonlinear energy extraction circuit was optimized. Sapiński et al. [14,15] designed an energy-harvesting linear MR damper that can harvest energy from the excitations, and the performance of the energy-harvesting and damping processes were investigated and analyzed. A compact stiffness controllable magnetorheological damper was proposed and prototyped by Zhu et al. [16], which can achieve self-powered capacity. Firoozy et al. [17] investigated quasiperiodic energy harvesting in a nonlinear vibration-based harvester. A novel hydraulic energy-regenerative shock absorber was presented by Zou et al. [18], which was applied to the vehicle suspension to generate electrical power. An electromagnetic actuator that concurrently realizes two working functions of vibration suppression and energy regeneration was proposed by Wei et al. [19]. Beltran-Carbajal et al. [20] introduced an active vibration control approach from an online estimation perspective of unavailable feedback signals for a quarter-vehicle suspension system. According to the relevant technologies of the maglev rotor [21,22], a magnetic energy-harvesting suspension was presented by Zhou et al. [23], and the energy-harvesting and self-powered characteristics of the suspension were investigated [24]. However, based on the above research, most of the studied energy-harvesting devices have complex conversion mechanisms, which convert the linear motion into the rotary motion, which can make the structure complex and easy to wear down. Moreover, these energy-harvesting devices replace the damper of the traditional passive suspension, which can decrease the driving safety of vehicles when the energy-harvesting device fails, and the devices have the issues of a complex structure and difficulty in maintaining them.



Based on these, this paper proposes a new dual-mode magnetic suspension with energy harvesting and active control; it has the characteristics of a simple structure, it is easy to control, a quick response time, and a high level of safety. The original passive suspension structure is retained, and a new type of direct-driving actuator is designed based on the principle of Lorentz force. The actuator can obtain linear motion without the intermediate conversion mechanism, and it has a fast response speed, uniform thrust, and it is easy to maintain. The content of this paper is organized as follows: Section 2 introduces the structure and working principle of the dual-mode magnetic suspension. Section 3 analyzes the energy-harvesting characteristics for the dual-mode magnetic suspension. In Section 4, the theoretical model of the induced electromotive force (EMF) is established, and the simulation results of the induced EMF are analyzed. In Section 5, the experiments are carried out to validate the energy-harvesting characteristics of the suspension system. The conclusion is presented in Section 6.




2. Structure and Working Principle of the Dual-Mode Magnetic Suspension


2.1. Structure


The structure of the dual-mode magnetic suspension is shown in Figure 1. The dual-mode magnetic suspension mainly consists of an actuator and a passive suspension assembly. The actuator structure is designed based on the voice coil motor structure, and the actuator includes two parts: a stator and a mover; the stator is mainly composed of the fixed plug, the permanent magnet ring, the heat dissipation ring, the soft iron core, and the outer casing. The mover part is mainly a regeneration energy coil. The actuator is installed in the air gap between the spring and the damper rod. The stator is connected to the wheel through the lower cover, and the mover is connected to the vehicle body through the upper cover. The actuator, the damper, and the spring are ensured to have concentricity during installation. The permanent magnet ring is formed by tiling-type permanent magnets, and the magnetization mode of the magnet is radial magnetization. Therefore, the permanent magnet ring, the air gap, the outer casing, and the soft iron core form the closed loop of the magnetic induction lines, as shown in Figure 2. A uniform parallel magnetic field perpendicular to the axial direction of the damper is formed in the air gap between the soft iron core and the outer casing. The permanent magnet ring and the heat dissipation ring are alternately arranged, and the plug is used to fix the permanent magnet rings and the heat dissipation rings.




2.2. Working Principle


As shown in Figure 3, when the body and the wheel move relative to each other, the relative motion of the regeneration coil and the actuator stator is generated. According to Faraday’s law of electromagnetic flux density, the coil can generate positive and negative alternating induced EMFs when it is performing the cutting magnetic induction lines motion. The rectifier circuit rectifies the induced EMF in a single direction. A filter filters out the high-frequency components in the unidirectional EMF and outputs a smoother DC EMF. After the filter process, the voltage stabilizing circuit is added, and the stable EMF is input into the rechargeable battery to realize energy regeneration. In this process, the induced current will generate the damping force that constantly blocks the relative motion of the regeneration coil and the stator of the actuator, and the actuator is equivalent to a damper.





3. Analysis of the Effects of the Stator on the Energy-Harvesting Characteristics


3.1. Effects of the Stator Parameters on the Energy-Harvesting Characteristics


When the structure parameters of the mover are constant, the effects of the stator parameters on the magnetic flux density B in the air gap of the actuator are analyzed by the simulation software.



According to the magnetic flux density model of the stator, the main parameters that affect the magnetic flux density B are the permanent magnet ring’s axial height h, the permanent magnet ring’s radial thickness l, the fixed plug’s thickness d, the heat dissipation ring’s thickness s, and the air gap g, as shown in Figure 4. Because many factors affect the magnetic flux density, to turn the problem of multiple factors into multiple single-factor problems, this paper uses the control variable method to analyze the effects of the stator parameters on the magnetic flux density.



3.1.1. Effect of the Permanent Magnet Ring on the Energy Harvesting Characteristic


There are six permanent magnet rings in the actuator stator, and the magnetic flux density is strongest near the permanent magnet ring, thus, they will produce six peaks. Additionally, the material of the magnetic ring is neodymium iron boron. The investigated range of the magnetic ring radial thickness is from 6 mm to 14 mm, and the increment is 2 mm. Meanwhile, the other conditions are unchanged. The effect of the magnetic ring radial thickness on the magnetic flux density is shown in Figure 5.



According to the analysis above, the magnetic flux density trend of the five groups of magnetic rings is the same. The permanent magnet ring radial thickness is proportional to the magnetic flux density, and the magnetic flux density of the 14-mm-thick magnetic ring is the largest. The simulation range of the magnetic ring axial height is 8–14 mm, as shown in Figure 6.



It can be seen from the figure that as the magnetic ring axial height increases, the axial dimension of the actuator also changes with it. The thicker the magnetic ring is, the greater the corresponding magnetic flux density is. The 14-mm-thick magnetic ring has the maximum magnetic flux density in the air gap, while the 8-mm-thick magnetic ring has the minimum magnetic flux density in the air gap; the magnetic flux density difference between the two is 56 mT. Moreover, the volume is also the largest, and the axial height reaches 100 mm. According to the analysis of the effect of the permanent magnet ring’s axial height on the magnetic flux density, the larger the permanent magnet ring volume is, the stronger the magnetic flux density in the air gap is. Furthermore, the position of the magnetic ring in the stator is changed due to the change of the magnetic ring’s axial height, thus, the phase of the curve is changed.




3.1.2. Effect of the Fixed Plug’s Thickness on the Energy-Harvesting Characteristic


The fixed plug’s thickness simulation range is 6–14 mm, and the value interval is 2 mm. The effect of the fixed plug’s thickness on the magnetic flux density is shown in Figure 7.



The fixed plug’s thickness is the thickness of the outer casing of the actuator stator, and the fixed plug is an essential part of the design of the actuator. The fixed plug is mainly responsible for the fixation of the permanent magnet ring and heat dissipation ring. It can be seen that when the wall thickness increases, there is no significant change in the magnetic flux density in the air gap, the magnetic flux density of 14 mm is only 0.03% higher than that of the 6 mm one. The outer magnetic fixed plug has more magnetic leakage when it is thinner, which leads to the corresponding weakening of the air gap magnetic field.




3.1.3. Effect of the Heat Dissipation Ring’s Thickness on the Energy Harvesting Characteristic


During the movement of the vehicle, the suspension shock absorber generates a lot of heat, and the heat dissipation ring is added between the magnetic rings to slow down the demagnetization phenomenon generated due to the high temperatures. The range of the heat dissipation ring’s thickness is 1–4 mm, and the value interval is 1 mm. The simulation analysis is shown in Figure 8.



As can be seen from the analysis of the figure, the heat dissipation ring thickness can produce a more significant effect on the electromagnetic force. The relative magnetic flux density and the magnetic flux density shelf space are increased with the decrease in the height of the heat dissipation ring.




3.1.4. Effect of the Air Gap on the Energy Harvesting Characteristic


The air gap part of the actuator is the moving area of the mover coil, and the range of the investigated air gap size is 8–12 mm, and the interval is 1 mm. The simulation results are shown in Figure 9. It can be seen from the figure that the magnetic flux density shows a decreasing trend with the increase in the air gap.





3.2. Orthogonal Analysis of the Stator Parameters


3.2.1. Orthogonal Design


The orthogonal analysis has the characteristics of “uniform dispersion, neat and comparable”, and it can replace the multi-factor and multi-level test with a large workload with fewer test times, which is highly efficient and economical [25,26]. Based on the previous simulation results, this paper determines the four structural parameters of the permanent magnet ring’s radial thickness, the permanent magnet ring’s axial height, the heat dissipation ring’s thickness, and the air gap for the orthogonal experiment. The parameter ranges are 8–14 mm, 8–14 mm, 1–4 mm, and 9–12 mm, respectively. These parameters are identified in Figure 3. The orthogonal table is designed, as shown in Table 1.




3.2.2. Orthogonal Analysis


The orthogonal test scheme and the simulation results of the magnetic flux density are shown in Table 2.



The analysis results of the orthogonal test are shown in Table 3. Kjk (k = 1, 2, 3, and 4) is the sum of the simulation results with the same level k in column j. Kjpk is the average of the simulation results with the same level k in column j, and Rj is the range. It can be seen that the combination (A4 B3 D2 D1) constitutes the best parameters, and the values of the magnetic ring’s thickness, the axial height of the magnetic ring, the height of the heat dissipation ring, the air gap, and the maximum magnetic flux density strength are 14 mm, 12 mm, 3 mm, 10 mm, and 194.4 mT, respectively.



Finally, according to the above analysis, the stator parameters of the actuator are selected, as shown in Table 4.






4. Simulation Results of the Dual-Mode Magnetic Suspension


4.1. Theoretical Model of the EMF


During the relative movement between the body and the wheel, the suspension system can generate the relative motion velocity V. Therefore, the induced EMF is expressed as:


   U 0  = B L V sin θ  



(1)




where B is the magnetic flux density produced by the permanent magnet ring, L is the length of wire for cutting magnetic flux density wire, and θ is the angle between the velocity V or L of the damper and the magnetic flux.


  L = π  D c   N 1   



(2)




where N1 is the number of turns in the coil embedded in the magnetic flux, and Dc is the average diameter of the coil winding.



Combining Formulas (1) and (2) obtains the EMF expression:


   U 0  = B π  D c   N 1  V sin θ  



(3)







The total turns of the coil are calculated:


   N 1  =    L 1  (  d 2  -  d 1  )   2  d 2     



(4)




where L1 is the length of the coil skeleton, d1 is the inner diameter of the coil, d2 is the outer diameter of the coil, and d is the diameter of the enameled wire.



In this paper, the sinusoidal signal is used as the road input:


  X = A sin ω t  



(5)






  ω = 2 π f  



(6)







Among these parts, A is the excitation amplitude, ω is the angular velocity, and f is frequency.



Formulas (3) and (7) vary as follows:


   U 0  = B π  D c   N 1  V sin θ  



(7)







Since the angle θ between the relative motion velocity V of the suspension and the magnetic flux density B is approximately 90°, sin θ = 1, it can be ignored; according to the Formulas (3) and (4), the induced EMF U0 and the number of turns embedded in the air gap of the coil can be known, and U0 is proportional to the motion velocity V. Therefore, the regeneration power P is proportional to the square of the number of turns N1 of the coil embedded in the air gap and the square of the velocity V of motion. When a sinusoidal signal is used as the road surface input, according to the Formula (7), the EMF is related to the three variables of the number of turns, the frequency, and the amplitude.




4.2. Simulation Analysis of the EMF


According to the theoretical model of the dual-mode magnetic suspension, the parameters affecting the energy-harvesting characteristics of the suspension include the vibration frequency, the amplitude, and the turns of the regeneration coil. The EMF is simulated by the control variable method. The simulated coil parameters are shown in Table 5.



4.2.1. Effect of the Number of Coil Turns on the EMF


The turns of the coil entering the stator air gap are positively correlated with the position depth of the coil entering the air gap. The studied depth values of the coil entering the air gap include 50 mm, 60 mm, and 70 mm (the number of coil turns are 188, 1130, and 1319, respectively). The input and output simulation results are shown in Figure 10, and the simulation time is 0.1 s. (From left to right, they are 50 mm, 60 mm, and 70 mm, respectively.)



The simulation results of the induced EMF are 4.7 V, 6.7 V, and 8.3 V in turn, which are increased by 42.5% and 23.8%, respectively. Thus, the frequency and amplitude remain unchanged, and the coil is embedded deeper into the air gap, which leads to the increase in the induced EMF.




4.2.2. Effect of the Excitation Amplitude on the EMF


The simulation results of the input and output of the coil at 70 mm in the excitation frequency 18 Hz are calculated. The studied excitation amplitudes included 2.5 mm, 2.8 mm, and 3.1 mm, and the simulation time is 0.1 s. (The excitation amplitudes from left to right are 2.5 mm, 2.8 mm, and 3.1 mm, respectively, as shown in Figure 11.)



The simulation results of the induced EMF are 6.4 V, 8.0 V, and 9.2 V, which are increased by 25.0% and 15.1%, respectively. Therefore, the number of turns and frequency remain unchanged, and as the vibration amplitude increases, the induced EMF becomes larger in the sequence.




4.2.3. Effect of the Excitation Frequency on the EMF


When the position of the coil entering the air gap is 70 mm and the excitation amplitude is 2.8 mm, the effect of the excitation frequency on the EMF is analyzed. The input and output simulation results are shown in the excitation frequencies of 15 Hz, 18 Hz, and 21 Hz, and the simulation time is 0.1 s. (The excitation frequencies from left to right are 15 Hz, 18 Hz, and 21 Hz, respectively, as shown in Figure 12.)



The simulation results of the induced EMF are 7.3 V, 8.4 V, and 7.5 V in sequence, which are first increased by 15.1%, and then, they are decreased by 10.7%. When the turns and amplitude remain unchanged, the EMF is increased more as the frequency is increased.






5. Experiment Verification


5.1. Experimental Setup


In order to verify the correctness of the theoretical model and the simulation analysis for the dual-mode magnetic suspension, a prototype experimental system is built. The actuator is the core component of the dual-mode magnetic suspension, and the sinusoidal signal generated by the exciter is used as the road input to verify the energy-harvesting characteristics of the actuator. The specific signal excitation process is one by which the function signal generator generates a sinusoidal signal through the power amplifier to reach the vibrator. Finally, the vibrator can generate sinusoidal excitation. The Tektronix oscilloscope is used to gather the acceleration and electromotive signals, and the computer receives the synchronization signal through OpenChoice Desktop software (Version: V2.8; Creator: Tektronix; Location: Shenyang, China). The specific experimental setup is shown in Figure 13.



According to the theoretical model, the effects of the turn, the amplitude, and the frequency on the energy-harvesting characteristics are verified. The input is the excitation signal, and the output is the EMF.




5.2. Experimental Results


5.2.1. Experimental Results for the Effect of the Number of Coil Turns on the EMF


Because the turns embedded in the air gap of the actuator can be expressed by the position depth of the coil entering the air gap, the effect of the turns on the energy-harvesting characteristics is verified when the coil is in different positions. When the excitation frequency is 18 Hz, the peak input amplitude is 2.8 mm, and the distance between the coil and the air gap from left to right is 50 mm, 60 mm, and 70 mm (the number of coil turns are 188, 1130, and 1319, respectively); the input and output results are shown in Figure 14.



According to the experimental results, the peak values of the output EMF are 4.4 V, 6.2 V, and 7.7 V from left to right, which are increased by 40.9% and 24.1%, respectively. Comparing the peaks of the EMF in the three cases, it can be obtained that when the amplitude and frequency are unchanged, the peak value of the induced EMF is greater with the increase in the number of coil turns.




5.2.2. Experimental Results for the Effect of the Excitation Amplitude on the EMF


When the excitation frequency is 18 Hz, the distance between the coil and the air gap is 70 mm, and the input amplitudes from left to right are 2.5 mm, 2.8 mm, and 3.1 mm, respectively; the input and output results are shown in Figure 15.



According to the experimental results, the peak values of the output EMF from left to right are 6.6 V, 7.8 V, and 8.8 V, which are increased by 18.1% and 12.8%, respectively. Comparing the EMF of the different input amplitudes, it can be obtained that when the number of turns and frequency are unchanged, the peak value of the induced EMF is increased as the excitation amplitude is increased.




5.2.3. Experimental Results of the Effect of the Excitation Frequency on the EMF


When the excitation amplitude is 2.8 mm, the distance between the coils and the air gap is 70 mm, and the frequencies from left to right are 15 Hz, 18 Hz, and 21 Hz, respectively; the input and output results are shown in Figure 16.



According to the experimental results, the peak values of the output EMF are 7 V, 7.8 V, and 7.6 V, respectively. The experimental results show that when the turns and the excitation amplitude remain unchanged with the increase in the frequency, the EMF tends to increase first, and then, they decrease. The main reason is that when the excitation frequency is equal to the resonance frequency of the system, the output EMF is at its maximum.



Comparing the simulation results and the experimental results of the effect of three parameters on the EMF, the simulation results are consistent with the experimental results. In the case where the other variables are consistent, the effect of the number of coil turns and the amplitude on the energy-harvesting characteristics is much greater than the effect of the excitation frequency on the energy-harvesting characteristics. More turns and a greater amplitude can lead to a greater induced EMF.






6. Conclusions


This paper proposes a dual-mode magnetic suspension with energy harvesting and active control. The suspension is stable and safe, and it can complete the conversion of vibration and energy without a complicated conversion mechanism. The optimal structural parameters of the actuator are determined through the finite element simulation analysis, and the experimental prototype is built. Furthermore, the control variable method is used to analyze the effect of the turns of the embedded magnetic field coil and the amplitude and frequency of the excitation signal on the energy-harvesting characteristics of the dual-mode magnetic suspension. Based on the numerical and experimental results, the following conclusions can be obtained:



	(1)

	
The number of coil turns have the most significant effect on the energy-harvesting characteristics, with a rate of change up to 40.9%, which is followed by the amplitude of the excitation signal, up to 18.1%, and finally, the frequency of the excitation signal.




	(2)

	
With the increase in the number of coil turns and the excitation amplitude, the output-induced EMF of the suspension is increased.




	(3)

	
When the excitation frequency is equal to the resonance frequency, the vehicle body resonates with the excitation signal, and the induced EMF is large. Additionally, when the coil enters the air gap of 70 mm (the number of coil turns is 1319), the excitation amplitude is 3.1 mm, and the frequency is 18 Hz, the maximum induced EMF is 8.8 V.







This paper shows the potential good energy regeneration value of this regeneration suspension. In future work, the energy harvesting and dynamic performance of the real vehicle with the dual-mode magnetic suspension will be investigated.
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Figure 1. Structure of the dual-mode magnetic suspension. 
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Figure 2. Magnetic circuit in the actuator stator. 
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Figure 3. Working principle. 






Figure 3. Working principle.
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Figure 4. The inner structure of the actuator. 
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Figure 5. Effect of the magnetic ring radial thickness on the magnetic flux density. 
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Figure 6. Effect of the magnetic ring axial height on the magnetic flux density. 
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Figure 7. Effect of the fixed plug’s thickness on the magnetic flux density. 
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Figure 8. Effect of the heat dissipation ring’s thickness on the magnetic flux density. 
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Figure 9. Effect of the air gap on the magnetic flux intensity. 
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Figure 10. Effect of the number of coil turns on the EMF: (a) 188; (b) 1130; (c) 1319. 
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Figure 11. Effect of the excitation amplitude on the EMF: (a) 2.5 mm; (b) 2.8 mm; (c) 3.1 mm. 
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Figure 12. Effect of the excitation frequency on the EMF: (a) 15 Hz; (b) 18 Hz; (c) 21 Hz. 






Figure 12. Effect of the excitation frequency on the EMF: (a) 15 Hz; (b) 18 Hz; (c) 21 Hz.



[image: Actuators 11 00363 g012]







[image: Actuators 11 00363 g013 550] 





Figure 13. Vibration experimental setup. 
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Figure 14. Effect of the number of coil turns on the EMF: (a) 188; (b) 1130; (c) 1319. 
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Figure 15. Effect of the excitation amplitude on the EMF: (a) 2.5 mm; (b) 2.8 mm; (c) 3.1 mm. 
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Figure 16. Effect of the excitation frequency on the EMF: (a) 15 Hz; (b) 18 Hz; (c) 21Hz. 
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Table 1. Orthogonal design table of level factors.
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	Level
	Magnetic Ring Radial Thickness (mm)

A
	Magnetic Ring Axial Height (mm)

B
	Heat Dissipation Ring Thickness (mm)

C
	Air Gap (mm)

D





	1
	8
	8
	1
	9



	2
	10
	10
	2
	10



	3
	12
	12
	3
	11



	4
	14
	14
	4
	12
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Table 2. Orthogonal test scheme and simulation results.
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	Numbering
	Magnetic Ring Radial Thickness

(mm)
	Magnetic Ring Axial Height (mm)
	Heat Dissipation Ring Thickness

(mm)
	Air Gap

(N)
	Magnetic Flux Density

(mT)





	1
	1
	1
	1
	1
	163.625



	2
	1
	2
	2
	2
	165.926



	3
	1
	3
	3
	3
	169.317



	4
	1
	4
	4
	4
	176.305



	5
	2
	1
	2
	3
	178.128



	6
	2
	2
	1
	4
	186.419



	7
	2
	3
	3
	2
	184.526



	8
	2
	4
	4
	1
	188.513



	9
	3
	1
	3
	4
	183.614



	10
	3
	2
	4
	3
	186.325



	11
	3
	1
	1
	2
	188.146



	12
	3
	4
	2
	1
	190.182



	13
	4
	3
	4
	2
	189.379



	14
	4
	2
	3
	4
	192.353



	15
	4
	3
	2
	1
	194.476



	16
	4
	4
	1
	3
	186.479










[image: Table] 





Table 3. Orthogonal analysis.






Table 3. Orthogonal analysis.





	
Name

	
Magnetic Ring Radial Thickness (mm)

A

	
Magnetic Ring Axial Height (mm)

B

	
Heat Dissipation Ring Thickness (mm)

C

	
Air Gap (mm)

D






	
Kj1

	
675.173

	
713.112

	
724.669

	
734.373




	
Kj2

	
747.412

	
731.023

	
718.726

	
737.927




	
Kj3

	
748.268

	
737.698

	
739.760

	
720.249




	
Kj4

	
752.736

	
741.479

	
740.522

	
730.864




	
Kjp1

	
168.775

	
178.278

	
181.167

	
183.668




	
Kjp2

	
186.853

	
189.756

	
179.691

	
184.482




	
Kjp3

	
187.067

	
184.424

	
184.940

	
180.062




	
Kjp4

	
188.184

	
185.370

	
185.130

	
182.716




	
Rj

	
19.409

	
11.478

	
5.439

	
3.606




	
Influencing factors

	
A > B > C > D




	
Best level

	
A4

	
B3

	
C2

	
D1




	
Best combination

	
A4 B3 C2 D1
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Table 4. Stator parameters of the actuator.
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	Description
	Symbol
	Numerical Value





	Permanent magnet ring length/mm
	h
	10



	Permanent magnet ring height/mm
	l
	12.5



	Cooling ring height/mm
	s
	3



	Outer fixed plug wall thickness/mm
	d
	10



	Air gap length/mm
	Xg
	90



	Air gap width/mm
	Yg
	10



	NdFeB N42H remanence/T
	Br
	1.18



	NdFeB N42H coercivity/A/m
	Hc
	−880,000



	Air permeability/H/m
	μ0
	4 π × 10−7
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Table 5. Parameters of the simulated coil.






Table 5. Parameters of the simulated coil.





	Description
	Representation Symbol
	Numerical Value





	Average diameter of the winding
	Dc
	0.0635 m



	Resistivity of copper
	ρ
	1.75 × 10−8 Ω·m



	Coil skeleton length
	L
	0.09 m



	Coil resistance
	R
	62 Ω



	Magnetic flux density
	B
	0.09 T



	Coil turns in the air gap
	N1
	1696
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