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Abstract

:

The maglev inertial actuators with high power and mass maybe effective for lateral vibration control of a propulsion shafting. But the mass power ratio of the actuators currently in use is too small to meet the requirements. In the paper, a maglev inertial actuator was innovatively designed with high mass power ratio. The structure of the magnetic circuit assembly and the suspending assembly were designed and optimized. To verify the property of the proposed maglev inertial actuator, a prototype with mass less than 8 kg was developed and tests were carried out. The minimum effective output force can reach 200 N within the frequency band of 20–300 Hz. A lateral vibration of a propulsion shafting system was constructed and the active control effect was tested. The experimental results show that the proposed maglev inertial actuator has a good effect on lateral vibration control of shafting.
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1. Introduction


Under the influence of propeller hydrodynamic force, non-uniform wake excitation, machining accuracy and assembly accuracy, lateral vibration generated by propulsion shafting will be transmitted to the hull structure, thus producing underwater acoustic radiation [1,2,3]. The active control method implemented by actuators exhibit good performance on mechanical vibration control [4,5,6,7]. As the shafting system belongs to equipment with large mass and high stiffness, it is required that actuators with high mass power ratio are needed to conduct lateral vibration control of propulsion shafting [8].



Gas-actuated actuators, electro-hydraulic actuators, piezoelectric actuators and magnetostrictive actuators are widely used to achieve effective isolation and suppression of vibration and noise. The bearing capacity and control stroke of pneumatic actuators are relatively large, but the dynamic characteristics of compressed air have a great impact on vibration isolation performance [9]. Electro-hydraulic actuators have disadvantages of complex design, large space, slow response and frequent maintenance needs [10]. Due to the displacement limitation of piezoelectric stacking, the vibration isolation stroke of piezoelectric actuators is only at the micron level, which is not suitable for low frequency vibration isolation [11]. The super-magnetostrictive actuator has a large bearing capacity, fast response speed and large control stroke, but the system model is complex, which affects the accuracy of low-frequency vibration isolation [12]. In contrast, maglev actuators have better isolation and suppression performance for vibration and noise in the extremely low to medium frequency band with the advantages of large stroke and high accuracy [13].



The application of traditional vibration exciter was limited by its installation method and installation accuracy [14,15]. The inertial actuator based on magnetic levitation technology can be used to install on the stimulated object, which provides a general application [16]. However, there is little research on the maglev inertial actuator in current literatures, most of which adopts traditional maglev actuators for vibration isolation control [17,18,19]. Compared with traditional maglev actuators, the maglev inertial actuator can use the limited volume and mass to output larger force. Hansen et al. applied the inertial actuator to reduce the vibration and noise of submarines and achieved good performance [20]. The SA-10 inertial actuators of Moog CAS Engineering have achieved good results in vibration and noise suppression of the SOFIA telescope assembly. The inertial actuator is capable of delivering 45 N, but in the control system the actuator is fuse-limited to about 7 N [21].



There are many deficiencies in the design, optimization, simulation and experiments of maglev inertial actuators. How do we improve the output force of the actuators due to the requirement of volume and mass? How do we increase the control bandwidth under the premise that the output force does not decrease? The research aims to develop a novel maglev inertial actuator with high mass power ratio. The working characteristics of the proposed actuator were studied and the key parts of the actuator were designed and optimized. To validate the performance of the proposed actuator, a prototype was manufactured and experiments were conducted. The study is of great significance for the implementation of active vibration control for the lateral vibration control of propulsion shafting.




2. The Working Principle of a Maglev Inertial Actuator


The schematic diagram of the working principle of a maglev inertial actuator is shown in Figure 1. The actuator is mainly composed of magnet circuit assembly, coil assembly, suspending assembly and outer shell. The coil is wound on the aluminium alloy frameand fixed with the outer shell, which serves as the stator part of the actuator. The magnetic circuit assembly serves as the acting part, and the spring connects the stator and the acting part as the transmission medium of force. During operation, the coil is placed in a strong and constant magnetic field generated by magnet circuit. After alternating the current pass through the coil, the magnetic circuit assembly is forced to vibrate with a single degree of freedom under the action of Lorentz force. The actuator can use the inertial force generated by the motion of the magnetic circuit assembly to output the active control force.



Assuming that the mass of the controlled object is much greater than the mass of the inertial actuator, then its displacement and velocity can be ignored. The vibration equation of the acting part under the Lorentz force can be written as:


   F a  + m  x ¨  + c  x ˙  + k x = 0  



(1)




where, x is the displacement of the magnetic circuit assembly, m is the mass of the magnetic circuit assembly, k is the stiffness of the spring, c is the damping and Fa is the Lorentz force on the moving magnet.



The output force of the inertial actuator F is:


  F =  F a  + c  x ˙  + k x = − m  x ¨   



(2)







Making   x =   x ¨  /    ( j w )  2      and    x ˙  =   x ¨  /  j w    , Equation (1) can be converted as:


   x ¨  = −    F a   w 2   /    m  w 2  − j c w − k      



(3)







Therefore, the actual output force can be expressed as:


  F =   m  w 2   F a   /    m  w 2  − j c w − k      



(4)







According to Equation (4), the output force of the inertia actuator is proportional to Lorentz force. The mass of the magnetic circuit assembly m, the vibration frequency w and the spring stiffness k all have certain effects on the output force of the inertial actuator.



On the basis of Lorentz principle, the Lorentz force Fa can be expressed as:


   F a  = B I l  



(5)




where, B is the magnetic induction intensity at the air gap, I is the current in the coil, and L is the effective length of the coil.



According to Kirchhoff’s second voltage law, the voltage balance equation is:


  U = e + R I + L   · d I  /  d t   = B L  x ˙  + R I + L   · d I  /  d t    



(6)




where, U is the voltage, e is the induced electromotive force (  e = B L  x ˙   ), I is the current, R is the resistance of the coil and L is the inductance of the coil.



Taking    x ˙  =   x ¨  /  j w     into Equation (3), Equation (6) can be changed to:


  U = I ( R + j w L +   j w  B 2   L 2   /    m  w 2  + j c w + k     )  



(7)







By substituting Equations (5) and (7) into Equation (4), the relationship between the output force of the maglev inertial actuator and the actual input voltage can be obtained


  F =     m B L  w 2   /    m  w 2  − j c w − k       ·    U /    R + j w L +   j w  B 2   L 2   /    m  w 2  + j c w + k            



(8)







In addition to the hindrance of resistance, the coil in the alternating electric field will produce inductive reactance, which will increase as the inductance of the coil and the frequency of the alternating current increase. Furthermore, the induction electromotive force is generated when the coil cuts the magnetic induction line in the magnetic field. The above factors will ultimately affect the output force.



Assuming the fundamental frequency and the damping ratio of the maglev inertial actuator is    w n    and  ζ , respectively, then Equation (4) can be changed to:


   F /   F a    =   m  w 2   /    m  w 2  − j 2 m  w n  ζ − k      



(9)







Taking   λ =  w /   w n     , Equation (9) can be written as:


   F /   F a    =    λ 2   /     λ 2  − j 2 ξ λ − 1      



(10)







When the damping ratio meets   0 < ξ <    2   / 2   , the ratio of the output force to the Lorentz force can reach a maximum if the forced vibration frequency is consistent with the resonant frequency of the acting part. The influence of damping ratio on F/Fa is shown in Figure 2. It can be concluded that the smaller the damping ratio is, the greater the ratio of the output force to the Lorentz force is. As the damping ratio approaches      2   / 2   , the output force is basically equal to the Lorentz force.



Assuming the resonant frequency of the action part of the inertial actuator is 20 Hz and the Lorentz force is 200 N, the output force of the inertial actuator can be obtained as Figure 3 for different damping ratio 0.3, 0.4 and 0.5. It can be seen that the output force can reach a maximum when the forced vibration frequency is the same with the resonant frequency of the acting part. Moreover, the forced vibration frequency plays an important role on the output force. In the low-frequency range, the output force can improve a lot because of the resonance effect, whereas in the high-frequency range, the output force is nearly the same as the Lorentz force. In order to increase the output force at the low-frequency range, the designed natural frequency should be as close to the working frequency as possible.




3. Design of The Proposed Maglev Inertial Actuator


3.1. Design and Scheme Optimization of Magnetic Circuit Assembly


In order to meet the requirements of light weight, small volume and large output force, the structure of the magnetic circuit assembly is quite important. Five kinds of magnetic circuit schemes (a, b, c, d, e) were put forward as shown in Figure 4. NdFeB N35SH and pure iron DT4 were used for simulation respectively. The magnetic flux lines distribution was simulated by 2D Ansys/Maxwell as shown in Figure 5. The magnetic flux density at the center line of the air gap of each scheme is shown in Figure 6. It can be seen that the degree of uniformity of schemes a, b, c and d is better than scheme e. However, the magnetic flux density of scheme e at the center air gap is much greater than other schemes. As the schemes a and b have only one air gap for a coil, schemes c and d have two air gaps, where two coils can be set and double the Lorentz force can be provided. Moreover, scheme e has three air gaps, which can provide greater Lorentz force even though the magnetic flux density at the top air gap and bottom air gap is less than the center. Therefore, schemes d and e may be better than others in terms of the magnitude of the Lorentz force. By considering the application in the frequency range of 100–300 Hz, the eddy current effect of a coil would become a major factor influencing the performance of the actuator. According to part 2, the inductance of the coil needs to be designed as small as possible. In addition, the coil frame with small volume and light mass is superior. Therefore, scheme e may be not a good choice as the coil assembly is complex, which would introduce more eddy current effect. To sum up, scheme d is good with high magnetic flux density and two separate coils can be designed. Therefore, a high mass power ratio can be obtained for the inertial actuator.




3.2. Design and Scheme Optimization of the Suspending Assembly


The working frequency of the inertial actuator depends on the suspending system. The slit type leaf spring was used to support the magnetic circuit assembly because of its large radial stiffness and small axial stiffness. Two kinds of leaf springs (a, b) with inner diameter 124 mm and outer diameter 178 mm were designed, as shown in Figure 7. The suspension models with two springs and a mass block was constructed and the properties were simulated by a static structural moduleand modal moduleof Ansys/Workbench as shown in Figure 8. The fundamental frequency, maximum stress and deformation of the two models under 200 N are illustrated in Table 1. The fundamental frequency of scheme a is greater than scheme b, which means that the inertial actuator with scheme b has broader frequency range and can work at the frequency as low as 16 Hz. The fundamental frequency can be reduced by increasing the outer diameter of scheme a, but the volume and mass of the inertial would be increased. Therefore, scheme b is better.



The stress concentration of the leaf spring mainly depends on the parameters of the slit, most of which are relevant to each other. Different structures can be obtained by adjusting the gap length, the gap width and the radius of the end of the gap. Four structures of leaf springs were designed as shown in Figure 9. The equivalent stress and fundamental frequency were simulated and compared in Figure 10 with Figure 7b as model 5. It is obvious that model 3 is better than others as the equivalent stress decrease about 50% compared to model 5.





4. Results and Discussion


4.1. Results of Prototype Experiments


A magnetic inertial actuator with the optimized magnetic circuit assembly and leaf spring was manufactured. The materials used for the magnetic inertial actuator are listed in Table 2. The inner radius of the two cylindrical permanent magnets are 5 mm and 55 mm, respectively, and the outer radius are 45 mm and 65 mm, respectively. The air gap distance is 10 mm. The number of turns of each coil is 240 and the resistance is 5.1 ohms. The total mass is no more than 8 kg, the maximum outer diameter is 178 mm and the total height is 116 mm. A testing device was set up as shown in Figure 11. The inertial actuator was suspended by four springs together with a mass block weight of 25 kg, with which the fundamental frequency is less than 15 Hz.



The input current of the inertial actuator was adjusted as 2 A, 3 A, 4 A, and 5 A, respectively. The tested acceleration at frequencies 50 Hz, 100 Hz, 150 Hz, 200 Hz, 250 Hz and 300 Hz were recorded and are shown in Figure 12. It can be seen that the relationship between the output force and the input current is nearly linear at different frequencies. With the increase of frequency, the output force decreases slightly due to the effect of impedance, inductive reactance and eddy current loss. The effective output force of the maglev inertial actuator can reach 200 N and more when the current is 5 A.



Two leaf springs with 1.5 mm thickness and 2 mm thickness were manufactured. The fundamental frequencies of the actuators with each leaf spring are 14 Hz and 18 Hz, respectively. The initial input current was set as 5 A and the excitation frequency was increased from 20 Hz to 300 Hz as a sweep function. The output force of the inertial actuator was recorded and shown in Figure 13. The leaf spring with a thickness of 2 mm can produce greater force than the leaf spring with a thickness of 1.5 mm as its fundamental frequency is closer to the working frequency.




4.2. Results of Active Control of Lateral Vibration of Propulsion Shafting


A test system of propulsion shafting was set up for active control as shown in Figure 14. A servo motor was driven by its driver with the speed range of 0–6000 r/min. One end of the propulsion shaft was connected to the servo motor through an elastic coupling, and the other end was connected to the bearing support through a bearing. Eccentric blocks were installed on the shaft next to the bearing to simulate the lateral vibration of the shaft. Two accelerometers were used. One was installed on the bearing block and the other was installed on the optical table, about 50 cm away from the bearing block.



The classical adaptive feed-forward control was used. A secondary vibration source, caused by the inertial actuator, was introduced. The vibrations are of the same frequency and amplitude, but of opposite phases with the original vibration. Then, the original vibration can be coherently offset to achieve the purpose of vibration suppression. Firstly, the servo motor was shut down. A linear spectrum disturbance signal with 60 Hz was sent out by the controller to the actuator through the power amplifier. Then, the test results of accelerometer 1 can be identified and used to design the controller. Test results with and without control of accelerometers 1 and 2 are shown in Figure 15 and Figure 16, respectively.



It can be seen that the control effect at the position of accelerometer 1 can achieve 27 dB and the control effect at the position of accelerometer 2 can achieve 12 dB. The experimental results prove that the proposed maglev inertial actuator has good control performance.





5. Conclusions


The maglev inertial actuator with high output force, small volume and light mass was presented and its working characteristic was analyzed. A double magnetic field scheme was chosen to acquire a high mass power ratio as well as greater Lorentz force. Furthermore, the suspending assembly schemes with slit-type leaf springs were designed and compared to obtain one with broader working frequency range and small stress. A prototype of the proposed maglev inertial actuator with mass less than 8 kg was developed. The effective output force was tested by more than 200 N within the frequency band of 20–300 Hz. A propulsion shafting system for lateral vibration control was constructed to test the control performance of the proposed inertial actuator. At 60 Hz, the control effect can reach 27 dB at the bearing block of the shaft, and the control effect can reach 12 dB at the position about 50 cm away from the bearing block. The experiments prove that the proposed maglev inertial actuator is effective to achieve lateral vibration control of shafting.
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Figure 1. Schematic diagram of working principle of the maglevinertial actuator. 
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Figure 2. The influence of damping ratio on F/Fa. 
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Figure 3. The influence of frequency on the output force of actuator. 
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Figure 4. Different magnetic circuit schemes for the inertial actuator. 
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Figure 5. Results of magnetic flux distribution for different magnetic circuit schemes. 
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Figure 6. The magnetic flux density at the gap. 
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Figure 7. Two kinds of leaf spring for the suspending system. 
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Figure 8. Simulation results of the equivalent stress of the springs. 
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Figure 9. Four kinds of structure with different slit parameters. 
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Figure 10. The total deformation of the proposed leaf spring. 
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Figure 11. The maglev inertial actuator and its testing device. 
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Figure 12. Results of single frequency excitation. 
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Figure 13. Results of sweep frequency excitation. 
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Figure 14. Test system of propulsion shafting. 






Figure 14. Test system of propulsion shafting.



[image: Actuators 10 00315 g014]







[image: Actuators 10 00315 g015 550] 





Figure 15. Test results of accelerometer 1. 
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Figure 16. Test results of accelerometer 2. 
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Table 1. Performance comparison of two kinds of spring.
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	Scheme
	Fundamental Frequency
	Equivalent Stress





	a
	58.022 Hz
	37.9 MPa



	b
	15.409 Hz
	297 MPa
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Table 2. Materials used for the magnetic inertial actuator.
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	Materials
	Electrical Conductivity (S/m)
	Magnetic Conductivity (H/m)
	Thermal Conductivity (W/mK)
	Density

(g/cm3)
	Specific Heat J/(kg·°C)





	Aluminium alloy frame 6061
	3.5 × 107
	4π × 10−7
	150
	2.7
	0.88 × 103



	Magnet yokeDT4
	9.93 × 106
	4000 × 4π × 10−7
	46.5
	7.8
	0.46 × 103



	Leaf spring 65Mn
	9.93 × 106
	129 × 4π × 10−7
	46.5
	7.8
	0.46 × 103



	Permanent magnet N35SH
	7 × 105
	1.05 × 4π × 10−7
	89.55
	7.8
	0.50 × 103
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