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Abstract

:

The vibration frequency characteristics of a rotor system are directly related to its moment of inertia. In this paper, a moment of inertia adjustment device is proposed to adjust the frequency characteristics of a rotor system and better reduce vibration by changing the moment of inertia. First, a mathematical model of the moment of inertia and the temperature field are established. A finite element simulation model of the electromagnetic field of the electromagnetic control unit in the device is established. The influence of current and air gap on the electromagnetic forces is discussed. Then, the validity of the finite element simulation for the electromagnetic control unit is verified using experimental results. In addition, the variations in the displacement and force of the moving mass and the moment of inertia of the device with speed are analyzed. The results show that the proposed moment of inertia adjustment device can be used to significantly adjust the moment of inertia, which provides a reference for better controlling vibrations in rotor systems. Finally, a finite element simulation model for an electromagnetic field analysis of the electromagnetic control unit in the device is established. The results show that the maximum temperature of the electromagnetic control device is 332 K in 60 min, which is in accordance with the requirements.
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1. Introduction


A flywheel is a common mechanical device that is usually applied for alleviating speed fluctuations, energy storage, or suppressing vibration in machines [1,2]. Due to its high efficiency, low pollution, simple maintenance, etc., it is widely applied in advanced technical fields, including aerospace, vehicles, and energy engineering [3,4,5,6]. In order to achieve small fluctuations in angular velocity, a flywheel with a large moment of inertia is required. However, a large moment of inertia can make it difficult to start an engine or other rotor systems [7]. In general, the vibrations and speed fluctuations of a mechanical system become more severe as the speed increases. A variable inertia flywheel is a device that can effectively solve this problem, because the vibration frequency characteristics of a rotor system are directly related to its moment of inertia. Ref. [8] proposed a new semi-active electromagnetic device that can suppress automotive suspension vibration by controlling its inertia and damping. To achieve the vibration control of two DOF primary systems, a variable inertia vibration absorber was designed by Megahed [9]. Li et al. [10] designed a variable damping and inertia device that is installed in the vehicle suspension. Simulation results demonstrated that the device can achieve much better performances than the conventional structure. Researchers have conducted extensive research on variable inertia flywheels. Oliver [11] proposed a variable inertia flywheel, dividing the flywheel into two chambers with electrolytic fluid. The inertia of the flywheel is changed using a solenoid pump to move the electrolytic fluid from one chamber to another. Dugas [12] acquired variable inertia through the valve’s control over the fluid flow.



The above method for achieving variable moments of inertia involves changing the mass of the flywheel. But the actual structure implemented in this way will be very complex and difficult to operate. The research on the variable inertia flywheel mainly focuses on changing the distance from the movable mass in the flywheel to the center of rotation. A two-terminal mass-based vibration absorber with a variable moment of inertia achieved through the motions of sliders embedded in a hydraulic-driven flywheel for passive vehicle suspension was developed by Xu et al. [13]. Kondoh et al. [14] proposed a new type of flywheel energy storage system in which the moment of inertia is controlled actively for charging and discharging without a power electronic interface while the rotational speed is held almost constant. Concerning a hydraulic drive, a comparative study has been conducted on the effects of the variable inertia flywheel on the hydraulic motor speed fluctuations compared with those of the fixed inertia flywheel in the literature [15]. The results showed that the variable inertia generated by the variable inertia flywheel can better reduce the hydraulic motor speed fluctuations in response to the changes in the excitation inputs. A novel vibration absorber based on the variable inertia flywheel using magnetorheological fluid was proposed by Dong [16]. A new concept of an elastic flywheel using vulcanized rubber based on the principle of material strain was presented by Harrowell [17]. Recently, a vibration energy harvester for bicycles based on a directional variable inertia flywheel and coaxial mechanical motion rectifier was proposed by Chen et al. [18]. A flywheel with symmetrically placed mass spring dampers in a ballscrew-based power take-off system was presented by Li [19]. With its variable inertia and mass amplification effect, the system equivalent mass and corresponding parameters can be adapted using small mass spring dampers.



The moment of inertia of a rotor system directly affects its natural frequency characteristics, vibration characteristics, and transmission performance [20]. And the technology of variable moments of inertia has a high potential to reduce torque and speed fluctuations in mechanical systems. But until now, very few articles have reported on the application of variable inertia based on electromagnetic control. To reduce the vibration of seat suspension, an electromagnetic variable stiffness device that has a low energy consumption and energy harvesting capability was proposed by Ning [21]. Researchers like Peter Ibrahim have designed electromagnetic vibration energy harvesters with a tunable mass moment of inertia [22]. The resonance frequency of this type of device can be adjusted to match that of the excitation. Li et al. designed a magneto-rheological variable stiffness and damping torsional vibration absorber that can reduce the angular displacement fluctuations in experimental setup [23]. A novel electromagnetic variable inertance device was designed for vehicle vibration reduction in ref. [24]. There is a need to explore the realization of variable moments of inertia based on electromagnetic control. In this work, an electromagnetic control unit was introduced. Thus, a new type of easily detachable moment of inertia adjustment device is proposed. A finite element simulation analysis of the electromagnetic field and temperature field characteristics of the electromagnetic control unit was conducted, and the results were verified through experiments.




2. The Structure and Working Principle of the Moment of Inertia Adjustment Device


Figure 1 shows the structure of the moment of inertia adjustment device, which mainly consists of a frame and three electromagnetic control units. The frame is a regular triangular prism with through holes in the center of the shaft and threaded holes in the sides and ends. And the electromagnetic control unit is composed of two permanent magnets, a coil, a spring, a sleeve, and a cylinder. The coil is wound around permanent magnet 1 and fixed in the cylinder with adhesive. Permanent magnet 2 was fixed in the sleeve using adhesive. The sleeve and the frame are connected by the spring. Besides that, the two permanent magnets are installed in the cylinder with the same poles opposite each other. The cylinder is then attached to the frame with screws. When the device rotates, the radial position of permanent magnet 2 and the sleeve can be adjusted by changing the coil current under the actions of centrifugal force, spring force, and electromagnetic force. In this way, different moments of inertia can be obtained.




3. Theoretical Analysis of the Moment of Inertia Adjustment Device


3.1. Mathematical Model of Moment of Inertia


When the moment of inertia adjustment device works, permanent magnet 2 and the sleeve can slide along the cylinder. Since electromagnetic control units installed on the moment of inertia adjustment device are evenly arranged relative to the rotational center, a mechanical analysis of the permanent magnet 2 and sleeve in a single electromagnetic control unit was conducted. As shown in Figure 2a, point O is the rotational center. Permanent magnet 2 and the sleeve are regarded as a whole part (as one moving mass), and the mass is set to be m. The stiffness and initial length of the spring are k and l0, respectively. The distance from the spring to point O is r0, and the distance from the center of the moving mass to point O is r.



The centrifugal force Fc of the moving mass is


   F c  = m  ω 2  r  



(1)




where ω is the rotational angular velocity.



As shown in Figure 2b, when the centroid of the moving mass is below the center of the device, the gravity of the moving mass will enhance the centrifugal force; however, when the centroid of the mass is above the center of the device, it weakens the centrifugal force. The component force Fm of gravity in the direction of the centrifugal force is


   F m  = m g cos ( ω t )  



(2)




where g is the gravity acceleration, and t is the operating time of the device.



The friction Ff of the moving mass is


   F f  = μ  F n  = μ m g sin ( ω t )  



(3)




where μ is the Coulomb friction factor, and Fn is normal force on the friction surface.



When the spring deformation is Δl, the force Fs on the moving mass is


   F s  = k Δ l  



(4)







During the movement of the moving mass, the air gap δ has the following relationship with the spring deflecton Δl:


  δ =  δ 0  − Δ l  



(5)







The length l of the spring after deflection under forces is


  l =  l 0  + Δ l  



(6)







The distance r from the center of the moving mass to point O is


  r =  r 0  + l +    h 2   2   



(7)







After the speed of the device has stabilized, the following equation is obtained according to the force balance on the moving mass:


   F c  +  F m  −  F s  −  F e  −  F f  = 0  



(8)







It is assumed that the relationship between the electromagnetic force and the air gap under the specific current of the coil conforms to the following formula [25]:


   F   e      =  C 1     (   1   C 2  + δ    )   2  +  C 3   



(9)




where C1, C2, and C3 are constants, and the air gap δ is expressed in meters.



Fm is a sinusoidal function of high-frequency oscillations, i.e., the effect of gravity on the centrifugal force is a high-frequency signal that varies alternately in positive and negative equal amplitudes. The maximum value of this force is 3 N. Compared with the centrifugal force, the influence of the gravity of the moving mass is negligible, so the computational model is simplified. From Equations (1)–(9), the following equation can be obtained:


    m  ω 2     C 1     (   r 0  +  l 0  +    h 2   2   )  +   m  ω 2  − k    C 1    Δ l −    C 3     C 1    =    (   1   C 2  +  δ 0  − Δ l    )   2   



(10)







According to the parallel axis theorem, the moment of inertia of a single permanent magnet 2 and sleeve around the rotational center can be expressed as follows [7]:


   J m  =  1  12   m  (   3 4     d 2   2  +    h 2   2   )  + m  r 2   



(11)




where d2 is the diameter of the sleeve, and h2 is the height of the sleeve.



There are three sets of electromagnetic control units. Thus, the total moment of inertia can be expressed as follows [26]:


  J =  J u  + 3  J m   



(12)




where Ju is the inertia expression of the immutable part in the structure.




3.2. Mathematical Model of Temperature Field


The coils in the electromagnetic control unit are direct current coils, which generate heat from the resistive losses caused by the passage of current through the conductor. The eddy current losses in the coils as well as in the small gaps between coils are neglected, and it is assumed that all electrical energy losses in the coil area are converted into heat. Referring to the result in ref. [27], the values of the following parameters need to be obtained. The heating power P of coils is expressed as follows:


  P =  I 2  R =    I 2  ρ l  s   



(13)




where I is the coil current; R is the resistance of the coil; and ρ is the wire resistivity of the coil. l and s are the length and cross-sectional area of the wire, respectively.



Normally, the thermal conductivity of materials varies with temperature. To simplify the simulation process, the thermal conductivity of the material is assumed to be constant over a certain temperature range. The composite heat transfer coefficient hs between the stationary electromagnetic control unit and the environment is


   h s  =  h c  +  h r   



(14)




where hc is the natural convection heat transfer coefficient, and hr is the radiative heat transfer coefficient.



When the device rotates, the heat transfer coefficient ha of the electromagnetic control unit positively depends on the average air flow speed, since the electromagnetic control unit is influenced by tangential and axial air flows [27]:


   h a  = 28 × ( 1 +   0.45  v t    )  



(15)




where vt is the average airflow velocity at the surface of the electromagnetic control unit.





4. Electromagnetic Field Simulation of the Moment of Inertia Adjustment Device


4.1. Electromagnetic Field Simulation Analysis


The finite element simulation software COMSOL Multiphysics 5.5 was used to analyze the electromagnetic force characteristics and magnetic induction distribution of the moment of inertia adjustment device. A two-dimensional axisymmetric model of the electromagnetic control unit was established, as shown in Figure 3. The frame was made of 6061 aluminum alloy, a non-magnetic material, and was not taken into account. The two permanent magnets were all made of a strong neodymium–iron–boron magnet. The material of the coil is copper. The other parts were the air shed. The dimensions of all the elements included in the model are listed in Table 1. The characteristic parameters of the finite element analysis are listed in Table 2.



The residual magnet model was selected to be under Ampere’s law option for permanent magnets, and parameters such as coil current I and coil turns N were set. As shown in Figure 4, triangle elements were used to divide the grid. For the area between the coil and permanent magnet 1, the boundary layer option was used to encrypt the grid. The maximum and minimum sizes of the grid element were 3.6 mm and 0.01 mm, respectively. Permanent magnet 2 and the sleeve, which are moving parts, were set to move radially. The initial position (air gap) relative to permanent magnet 1 was δ0 = 20 mm.



Given I = 0 A, 1 A, 2 A, 3 A, and 4 A, respectively, the electromagnetic field finite element simulation was conducted. Figure 5 shows the magnetic field line distribution and the magnetic induction intensity cloud diagram of the electromagnetic control unit for the current of 2 A. It can be seen that the magnetic field lines start from the N pole of the permanent magnet, pass through air, and return to the S pole of the permanent magnet to form a closed loop. The magnetic fields of the two permanent magnets are in opposite directions. In addition, the magnetic induction intensity on a permanent magnet exhibits characteristics of being large at both ends and small in the middle, with a relatively uniform distribution. The maximum value appears at the point where the structural shape changes. Because the magnetic field lines of the permanent magnet converge from the two poles, resulting in an increase in the magnetic induction intensity at both ends of the permanent magnet. Due to the strongest interaction between the magnetic field of the permanent magnet and the magnetic field generated by the coil at the intersection of permanent magnet 1 and the coil, the magnetic field of the permanent magnet and the magnetic field generated by the coil have the strongest superposition effect.



Figure 6 shows the relationship between the electromagnetic force Fe of the electromagnetic control unit with air gap under different currents. At a constant current value, the electromagnetic force decreases as the air gap increases. In addition, when the size of the air gap is in the range of 1–10 mm, the tendency of the electromagnetic force to change with the air gap is more obvious and the curve trend is steeper, while the opposite is true when the size of the air gap δ is in the range of 10–20 mm. The larger the air gap, the smaller the electromagnetic force due to the large magnetoresistance of air, which attenuates greatly as the magnetic lines of force pass through it.




4.2. Electromagnetic Force Test


To verify the validity of the finite element model and simulation analysis results, an electromagnetic force test system was constructed, as shown in Figure 7. Permanent magnet 2 and permanent magnet 1 with coil were fixed to the base with a support. The gap (air gap δ) between the two permanent magnets could be controlled by adjusting the distance between the supports. The input current of the coil in the electromagnetic control units could be changed using an adjustable DC power supply, and the electromagnetic force acting on permanent magnet 2 was input to a computer through a force sensor, digital transmitter, and USB-485 serial cable.



The electromagnetic force that acts on permanent magnet 2 under different air gaps was tested when the coil current was 0 A and 4 A. Figure 8 shows the comparison between the electromagnetic force test results and the simulation analysis results. Under the same conditions, the variation in electromagnetic force with air gap obtained from the test was close to that of the simulation results. Due to the existence of influencing factors such as part processing, the test environment, geometric model simplification in the finite element analysis, grid size, and solution accuracy, there were some differences between the actual electromagnetic force obtained from the test and the simulation results. The maximum relative error between them was 7.33%, which demonstrates that the finite element simulation model of the electromagnetic field and analysis results for the electromagnetic control unit are effective.




4.3. Calculation of the Moment of Inertia


Based on Equation (7), nonlinear fitting was performed on the data for the finite element simulation analysis of the electromagnetic force when coil current I = 4 A, as shown in Figure 9. In this condition, C1 = 0.1319, C2 = 0.01529, and C3 = 0.



In the electromagnetic control unit, the mass of the moving mass was m = 0.3 kg, the stiffness of the spring was k = 15 N/mm, r0 = 35 mm, l0 = 26 mm, and the original inertia expression of the immutable part was Ju = 0.006 kg·m2. According to the analysis based on MATLAB R2021b, the relationship between the moment of inertia of the device and the rotation speed could be obtained when the input current of the coil was taken to be 0 A, 2 A, and 4 A, as shown in Figure 10.



As the rotation speed increases, the moment of inertia of the structure also increases. Until the moving mass reaches the limit position, the moment of inertia remains unchanged as the rotation speed continues to increase. However, the minimum value of the moment of inertia is different for different currents. The main reason for this is that the electromagnetic force on the moving mass is different even at a speed of 0 r/min for different currents, and therefore, the spring deformation Δl is also different. As the speed increases, the influence of the current on the moment of inertia becomes stronger, because at low speeds, the influence of the current on the electromagnetic force is small. In addition, the minimum and maximum moments of inertia of the structure were 0.01178 kg·m2 and 0.01638 kg·m2, respectively. The maximum adjustable proportion of its moment of inertia was 39.04%.





5. Temperature Field Simulation of the Moment of Inertia Adjustment Device


Heat transfer occurs when there is contact between two objects and there is a temperature difference. The temperature field transient simulation of the electromagnetic control unit was carried out using finite element software. In order to improve the accuracy and computational efficiency of the solution of the temperature field, several approximate processing methods and assumptions were proposed. First, the contact between parts within the electromagnetic control unit was relatively close, so the thermal contact resistance was ignored in the thermal simulation. Second, some editing processes were ignored, and non-essential model structures were minimized to facilitate meshing. Finally, the heating power of the coil was uniform. A finite element model of the electromagnetic control unit is shown in Figure 11. The maximum and minimum sizes of the grid element were 1.2 mm and 0.008 mm, respectively. Point I (the center of permanent magnet 2), point II (the center of permanent magnet 1), and point III (the center of the coil) were selected at different positions to analyze the temperature changes.



The initial ambient temperature was set to 293 K, and the rotational speed of the electromagnetic control unit was set to 2000 r/min. The operating current and time were set to 4 A and 60 min, respectively, and the rest of the parameters and parameter values are listed in Table 3.



A temperature distribution cloud diagram of the electromagnetic control unit is shown in Figure 12. The coil was located between permanent magnet 1 and the cylinder, and the internal heat transfer method of the electromagnetic control unit was solid thermal conduction, so the temperature here was the highest.



Figure 13 shows the variation in the temperature at different positions over time. The temperature of the electromagnetic control unit increased with time and then stabilized. And the maximum temperature of the coil and permanent magnet 1 was 322 K. Because the thermal conductivity of neodymium–iron–boron is lower than that of copper, the temperature of permanent magnet 1 was slightly lower than the temperature of the coil. In addition, the coil was in direct contact with permanent magnet 1, and there was air between the coil and permanent magnet 2, so the temperature of permanent magnet 2 changed more slowly than that of permanent magnet 1.



The temperature field simulation was carried out by varying the rotational speed to 500 r/min, 1000 r/min, and 1500 r/min. Figure 14 presents the variation in the temperature of point I, point II, and point III with time at different rotational speeds. The temperature rose over time and then stabilized. In addition, in the first 10 min, the rotational speed increased while the temperature remained almost constant as it takes time for the heat to be transferred from the coil to the surface. Then, the temperature decreased as the rotational speed increased. The most susceptible component to temperature influences is the neodymium–iron–boron magnet in the electromagnetic control unit, which has a maximum operating temperature of 350 K. During the whole process, the maximum temperature of the permanent magnet was 332 K, which is consistent with the requirements. The maximum operating temperature of the coil was 358 K. In addition, the maximum temperature at point III was 332 K, which is consistent with the requirements.




6. Conclusions


This study contributed the following:




	(1)

	
A moment of inertia adjustment device was proposed that analyzes the forces acting on a moving mass while the device is rotating and takes into account gravity, friction, centrifugal force, spring force, and electromagnetic force. The forces acting on the moving mass while the device is rotating were analyzed by considering gravity, friction, centrifugal force, spring force, and electromagnetic force at the same time, and a computational model of the device was established. Compared with the centrifugal force, the influence of the gravity of the moving mass is negligible, so the computational model was simplified. The results show that r is related to the rotational angular velocity ω and the electromagnetic force Fe. Therefore, the control of r can be realized by adjusting Fe. The mathematical model of the moment of inertia was established, and the relationship between the moment of inertia and r was obtained. The results show that the control of the moment of inertia can be achieved by adjusting r. A temperature field model was established to obtain some parameter values for use in the simulation software.




	(2)

	
A electromagnetic field simulation model for the electromagnetic control device was established. The following assumptions were made for the electromagnetic field calculations. First, the magnetic induction was assumed to be uniformly distributed in the magnetic field. Second, leakage from the coil and permanent magnet was neglected. The distribution characteristics of the electromagnetic field and the variation in electromagnetic force with air gap were analyzed. The results show that at a constant current value, the electromagnetic force decreases as the air gap increases. When the air gap is constant, the electromagnetic force increases with increasing current. An electromagnetic force test system of the electromagnetic control unit was designed and constructed. The results of the electromagnetic force test are close to the results of the finite element simulation analysis, which confirms the accuracy and effectiveness of the simulation model. The maximum relative error between them was 7.33%. The variation in the device’s moment of inertia under different speeds and currents was discussed. The results show that the proposed moment of inertia adjustment device can be used to significantly adjust the moment of inertia. The maximum adjustable proportion of its moment of inertia can reach 39.04%. This work provides a reference for better controlling vibrations in rotor systems.




	(3)

	
A temperature field simulation model for the electromagnetic control device was established. The following assumptions were made for the temperature field calculations. First, the coil heating power was assumed to be uniform. Second, the contact resistance between parts was neglected. The temperature variation in the electromagnetic control device was analyzed. The temperature of the electromagnetic control unit increased with time and then stabilized. The temperature of permanent magnet 1 was slightly lower than the temperature of the coil, and both of their temperatures were higher than the temperature of permanent magnet 2. The results show that the maximum temperature of the electromagnetic control device was 332 K in 60 min, while the maximum operating temperatures of the permanent magnet and coil were 350 K and 358 K, respectively, which are in accordance with the requirements.
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Figure 1. Schematic of the structure of the moment of inertia adjustment device. 1—Cylinder; 2—Coil; 3—Permanent Magnet 1; 4—Permanent Magnet 2; 5—Sleeve; 6—Spring; 7—Frame. 
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Figure 2. Force analysis at different positions. 
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Figure 3. A two-dimensional axisymmetric model of electromagnetic control devices. 
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Figure 4. Grid division of finite element model. 
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Figure 5. Magnetic force line distribution and magnetic induction intensity cloud diagrams. 
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Figure 6. The variation in the electromagnetic force with air gap under different currents. 
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Figure 7. Electromagnetic force test system for the electromagnetic device. 
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Figure 8. Comparison between test results of electromagnetic force and finite element simulation. 
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Figure 9. Nonlinear fitting of electromagnetic force simulation data when I = 4 A. 
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Figure 10. The variation in moment of inertia with speed at different currents. 
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Figure 11. Finite element modeling of electromagnetic control units. 
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Figure 12. Temperature distribution cloud diagram of the electromagnetic control unit. 
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Figure 13. The variation in the temperature at different positions over time. 
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Figure 14. The variation in the temperature at different points with time at different rotational speeds. 
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Table 1. The dimensions of all the elements included in the model.






Table 1. The dimensions of all the elements included in the model.





	Parameter
	Numerical Value
	Parameter
	Numerical Value





	Permanent magnet 1 diameter d1 (mm)
	30
	Sleeve outside diameter d2 (mm)
	70



	Permanent magnet 2 diameter d3 (mm)
	50
	Cylinder outside diameter d4 (mm)
	78



	Permanent magnet 1 heights h1 (mm)
	40
	Permanent magnet 2 heights h3 (mm)
	20



	Sleeve heights h2 (mm)
	24
	Coil diameter d5 (mm)
	1










 





Table 2. The characteristic parameters of the finite element analysis.






Table 2. The characteristic parameters of the finite element analysis.





	Parameter
	Numerical Value
	Parameter
	Numerical Value





	Curie point of the permanent magnets (K)
	350
	Permanent magnet remanence Br (T)
	1.43



	Air permeability µ0 (H/mm)
	1.25 × 10−8
	Coercivity of permanent magnets (kA/mm)
	10.34










 





Table 3. Main parameters of temperature field model.






Table 3. Main parameters of temperature field model.





	Parameter
	Value





	Heating power of the coil P (W)
	45.1



	Composite thermal conductivity hs (W/(m2·K))
	9.7



	Thermal conductivity ha (W/(m2·K))
	59.6
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