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Abstract

:

For the vibration of automobile powertrain, this paper designs electro–hydraulic composite engine mounts. Subsequently, the dynamic characteristics of the hydraulic mount and the electromagnetic actuator were analyzed and experimentally studied separately. Due to the strong nonlinearity of the hybrid electromechanical engine mount, a Fractional-Order Least-Mean-Square (FGO-LMS) algorithm was proposed to model its secondary path identification. To validate the vibration reduction effect, a rapid control prototype test platform was established, and vibration active control experiments were conducted based on the Multiple–Input Multiple–Output Filter-x Least-Mean-Square (MIMO-FxLMS) algorithm. The results indicate that, under various operating conditions, the vibration transmitted to the chassis from the powertrain was significantly suppressed.
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1. Introduction


The powertrain system typically consists of an engine and a transmission, with the engine remaining one of the most widely used power sources in passenger vehicles and a primary source of vibration [1]. With the advancement of energy-saving and emission-reducing technologies, the vibration characteristics of engines have become increasingly complex [2]. Traditional hydraulic mounts possess functions such as isolation, support, and restraint, but they suffer from an inability to adapt to varying vibrations [3]. Active vibration isolation involves generating additional forces to counteract vibrations, allowing for adaptation to changing conditions and achieving optimal vibration reduction at all times. However, it faces challenges such as weak load-bearing capacity and high energy consumption [4]. Electro–hydraulic composite engine mounts integrate the technical advantages of both traditional and active systems [5], making them the optimal solution to address this challenge.



Further research is essential to optimize the comprehensive performance of electro–hydraulic composite engine mounts, including high load-carrying capacity, large active force, and high vibration isolation rate [6]. Freudenberg initially applied electromagnetic active mounts to FWD four-cylinder engine and achieved favorable vibration isolation results [7]. The actuator is a pivotal component of electro–hydraulic composite engine mounts, and the electromagnetic actuator is divided into the moving coil type and solenoid type according to the different moving parts [8]. Mansour et al. proposed a kind of active engine mounts based on electromagnetic actuator, where the design connects the electromagnetic actuator to the decoupling membrane of the liquid resistance mounts, establishing the fundamental framework of electro–hydraulic composite engine mounts [9]. Nevertheless, there is room for further improvement in the performance of electromagnetic actuators, including miniaturization, weight reduction, enhanced output force, and linearity of force output.



However, establishing an accurate system model for the active vibration control of powertrains is a formidable challenge [10]. FxLMS algorithms are based on the assumptions that the secondary path is a sliding average processes and random input signals, which avoids the dependence on an accurate system model, and thus has been widely studied in the field [11,12]. Here, the secondary path refers to the electro–hydraulic composite engine mounts as the main one, and also includes the sensors and controller, including the entire control signaling channel, which is highly time-varying and affected by multiple parameters such as temperature [13,14]. However, there is room for improvement in the transient and steady-state characteristics of this algorithm [15], especially when the phase error between the secondary path and its estimated value exceeds 90°, which may lead to serious performance degradation [11]. Therefore, Hillis reduces the interference of noise by means of frequency domain blocks, which effectively reduces the transmission of engine vibration to the body, but the transient performance of the algorithm is degraded [16]. Yang Q et al. introduced the wavelet packet decomposition algorithm with the Hartley block least-mean-square algorithm for improving the convergence speed of the FxLMS algorithm at a stable frequency, but it is difficult to satisfy the working conditions with frequent frequency changes [17]. Guo R et al. proposed an acceleration-extended FxLMS for active control of powertrain vibration and conducted simulation studies to prove its effectiveness, but did not conduct further experimental studies [18]. Tang and Hong controlled the engine vibration by NLMS algorithm, but the effect is nearly the same as the classical FxLMS [19,20]. Jia put forward a kind of hybrid PI-FxLMS control algorithm to control the engine vibration, but the vibration controlling effect is not improved greatly when the reference signal is not in disturbance [21]. Hauserg et al. interpolated the secondary path model into a table for querying by the FxLMS algorithm, which can greatly simplify the computation, but the accuracy of the model is difficult to guarantee [22]. In summary, it is very meaningful to study electro–hydraulic composite engine mounts and powertrain vibration active control algorithms to reduce the vibration and noise of automobiles caused by the powertrain.



Therefore, this paper designs an electromagnetic–hydraulic composite engine mounts based on a specific test model and conducts modeling and analysis. It utilizes fractional-order gradient descent to optimize the LMS algorithm for secondary path identification, considering the nonlinear characteristics of the actuator in the electro–hydraulic composite engine mounts system. Finally, a test platform based on the actual vehicle powertrain is established, and rapid control prototype tests for vibration active control are conducted using the MIMO-FxLMS algorithm. The results indicate a significant suppression of vibrations transmitted to the subframe under various powertrain operating conditions.




2. Electro–Hydraulic Composite Engine Mounts


2.1. Mounts Dynamics Analysis


The electro–hydraulic composite engine mounts system consists of an electromagnetic actuator and rubber hydraulic mounts. When the actuator is not operating, the passive part of the electro–hydraulic composite suspension has similar characteristics to the original rubber hydraulic suspension, in which a conical spring providing power assembly support and acting as a piston in the main chamber. At low-frequency large displacements, the compression of the spring forces the liquid in the main chamber to enter the compensation chamber through the damping channel to form damping and realize passive vibration isolation. At high-frequency small displacements, the liquid is hard to pass through the damping channel quickly, but the decoupling membrane is deformed to compensate for the volume change. At this time, the electromagnetic actuator will output a force, which is the opposite phase of the actuating force, and the active vibration isolation could be obtained. This combines the advantages of active and passive to realize composite vibration isolation. The equivalent mechanical model of the active mounts is shown in Figure 1, representing a lumped-parameter model.



Where the following are defined: Br—equivalent damping coefficient of rubber main spring, Ns/m; Kr—equivalent stiffness coefficient of rubber main spring, N/m; Ap—equivalent piston area of rubber main spring, m2; C1—volumetric flexibility of the upper liquid chamber, m5/N; C2—volumetric flexibility of the lower liquid chamber, m5/N; Ad—area of the vibrating membrane, m2; Kd—vibrating membrane stiffness, N/m; Qi—flow rate of inertial channel, m3/s; Ri—liquid resistance of inertial channel, kg/m4s; Ii—fluid inductance of inertial channel, kg/m4; Fa—electromagnetic actuator actuation force on the vibrating membrane, N; x—equivalent displacement of the rubber main spring, m; xd—displacement of the vibrating membrane, m; P1—upper liquid chamber pressure, Pa; P2—lower liquid chamber pressure, Pa.



The above lumped parameters are used to model the lumped parameters of the active mount device.



The continuity equation of the liquid in the upper liquid chamber of the mount is given by:


   C 1    P ˙  1  =  A p   x ˙  −  Q i  −  A d   x d   



(1)







The continuity equation of the liquid in the lower liquid chamber of the mount is:


   C 2    P ˙  2  =  Q i  +  A d   x d   



(2)







The equilibrium equation of motion of the fluid in the inertial channel is:


   P 1  −  P 2  =  I i    Q ˙  i  +  R i   Q i   



(3)







The equilibrium equation of motion of the vibrating membrane is:


   (   P 1  −  P 2   )   A d  −  F a  =  K d   x d   



(4)







The force transferred to the mounting base by the active mounts is:


   F T  =  K r  x +  B r   x ˙  +  P 1   A p  +  F a   



(5)







According to the above analysis, we can see that the active force Fa was considered as an independent parameter in the electro–hydraulic composite suspension. The design of the liquid suspension part can still be carried out according to the classical theory. Therefore, a hydraulic suspension product that we have already mass-produced was chosen as an input with the core parameters shown in Table 1, which matches the test vehicle in this paper.



An experiment was performed to obtain the mount structure’s performance. An electro–hydraulic engine mount was put on the stiffness testing machine and the stiffness experiment was performed as Figure 2 show. The static characteristics and dynamic stiffness curves are shown in Figure 3a,b.




2.2. Linear Electromagnetic Actuator


The linear electromagnetic actuator mainly consists of a fixed coil and a moving core (comprising several magnets and connecting rods, etc.). The structure of the linear electromagnetic actuator is illustrated in Figure 4.



The alternating current generates an alternating magnetic field through the coil, which interacts with the permanent magnet, resulting in the output of Lorentz magnetic force through the connecting rod. The ends of the connecting rod are connected to springs, which are displaced by the electromagnetic force, thus providing a restoring force for the actuator. According to [23], the Lorentz magnetic force is a function of the change in current and is expressed as:


   F e   (  j ω  )  =   2 π  B m  N I    μ 0    •   h  a  g a p    (   w  p m   +  a  g a p    )    h  a  g a p    (   w  p m   +  a  g a p    )  l   •    (  1 −  a  l e a k    )   a  g a p    (   d  m o v   +  a  g a p    )      2 h  a  g a p    (   w  p m   +  a  g a p    )    h  a  g a p    (   w  p m   +  a  g a p    )  l   + π  d  m o v   h  [   R  A C    (  j ω  )  +  R  m o v    (  j ω  )   ]    = K  (  j ω  )  I  



(6)




where    B m    is the residual flux density of the permanent magnet,    μ 0    is the air permeability, I is the current,    α  l e a k     is the leakage coefficient,    a  g a p     is the air gap width, h is the height of the air gap, l is the height of the permanent magnet,    d  m o v     is the outer diameter of the actuator,    w  p m     is the thickness of the permanent magnet,    R  A C    (  j ω  )    is the AC circuit reluctance, and    R  m o v    (  j ω  )    is the magnetic resistance of the permanent.



To match the active vibration control system, the actuator requires the force output maximum, size, resonant frequency, and so on. To satisfy the requirement of the actuator, we set the main parameters of the electromagnetic actuator (shown in Table 2) independently, according to the theory of electromagnetism.



The electromagnetic force of the actuator is tested under three working conditions of 1 A, 2 A, and 12 V, respectively, and the frequency range is 10–250 Hz, and the test setup is shown in Figure 5. The results, as shown in Figure 6a, indicate that the electromagnetic force is inversely proportional to the square of the magnetic circuit reluctance. Therefore, under the 12 V condition, as the frequency increases, the inductive reactance gradually increases, leading to a gradual decrease in the electromagnetic force, but the rate of decrease gradually slows down. Plotting the specific current force in Figure 6b, the current is 1 A and 2 A at each frequency than the current force is almost the same; i.e., the electromagnetic force and the current is basically a linear relationship.





3. FGO-LMS Algorithm and Secondary Path Identification


Fractional-order differentiation can more accurately describe nonlinear dynamic behaviors and complex phenomena [24]. Considering the strong nonlinearity characterizing the secondary path, it is proposed to use the fractional-order differentiation gradient descent method to replace the traditional first-order differentiation. The block diagram of this algorithm is shown in Figure 7.



Where x(n) is the excitation signal in the recognition process, S(z) is the actual secondary path to be recognized, WS(z) is the simulated secondary path recognized by the adaptive algorithm, and e(n) is the residual error signal. Let WS(z) weight vector be    W s   ( n )  =  [   w 0   ( n )  ,  w 1   ( n )  , ⋯ ,  w  M − 1    ( n )   ]   , M be the filter length, and   X  ( n )  =  [  x  ( n )  , x  (  n − 1  )  , ⋯ , x  (  n − M + 1  )   ]    be the input vector.



According to [25], the classical LMS secondary path identification algorithm flow is:


  y  ( n )  =  W s   ( n )  X  ( n )   



(7)






  e  ( n )  = d  ( n )  − y  ( n )   



(8)







The weight vector update formula is:


  w ( n + 1 ) = w ( n ) − μ ⋅   ∂  (  J ( n )  )   /  ∂ w  ( n )     



(9)




where the objective function expression J(n) is:


  J ( n ) =  e 2   ( n )  =    |  d  ( n )  −  w T   ( n )  u  ( n )   |   2   



(10)







Therefore, the weight vector update equation in Equation (8) is transformed as:


  w ( n + 1 ) = w ( n ) + 2 μ e ( n ) x ( n )  



(11)







Replacing the integer-order gradient of Equation (8) with a fractional-order gradient:


  w ( n + 1 ) = w ( n ) − μ ⋅    ∂ α   (  J ( n )  )   /  ∂  w α   ( n )     



(12)







Introducing the fractional-order gradient descent method here, according to [26], the expression for the fractional-order gradient descent of the objective function can be obtained as:


       ∂ α   (  J ( n )  )   /  ∂  w α   ( n )    = −   2 Γ  ( 2 )    Γ  (  2 − α  )     [  d  ( n )  −  w T   ( n )  u  ( n )   ]  u  ( n )    [  w  ( n )  − w  (  n − 1  )   ]   1 − α       +   Γ  ( 3 )    Γ  (  3 − α  )     u 2   ( n )    [  w  ( n )  − w  (  n − 1  )   ]   2 − α      



(13)




where the values of     Γ  ( 3 )    Γ  (  3 − α  )     u 2   ( n )     [  w  ( n )  − w  (  n − 1  )   ]    2 − α     are very small and can be ignored. At the same time,    [  w  ( n )  − w  (  n − 1  )   ]    will be replaced in the form of the L2 paradigm, so the final FGO-LMS algorithm for updating the weight vector is given by:


  w ( n + 1 ) = w ( n ) +  μ 0  ⋅  N w  1 − α   e ( n ) x ( n )  



(14)




where  α  is the algorithm order, which takes values in the range (0,1):


    μ 0  =   2 Γ  ( 2 )    Γ  (  2 − α  )    ⋅ μ     N w  =  |  w  ( n )  − w  (  n − 1  )   |    



(15)







During the secondary path identification, the electro–hydraulic composite engine mount was installed on the vehicle, and then the white noise signal was input to the actuator of the engine mount and the signal of sensor on the engine mount was obtained as the response. The secondary path could be calculated by computer program using the fractional-order LMS and classical LMS algorithms after the excitation and response obtained. The evaluation criteria primarily includes convergence performance and steady-state misalignment performance. Convergence speed characterizes the algorithms’ ability to accurately track changes in weight coefficients in a non-stationary environment, while steady-state misalignment performance characterizes the minimum mean-square error that still exists when weight coefficients converge to their optimal values. Both algorithms have a step size of 10−5 and a filter length of 128 orders. The fractional-order LMS algorithm orders were set as 0.1, 0.3, 0.5, 0.7, and 0.9, respectively. Figure 8 presents a performance comparison of the two algorithms. It is evident that when the fractional-order is set to 0.9, it converges with the fewest iterations and exhibits lower steady-state error, indicating that fractional-order LMS can indeed provide a more accurate characterization of the secondary path.




4. MIMO-FxLMS Algorithm and Active Vibration Control Test


4.1. MIMO-FxLMS Active Vibration Control


The test platform shown in Figure 9 consists of an electro–hydraulic composite engine mounts, a vehicle equipped with a V4 engine and a dSPACE, and the main structure of the system is shown in Figure 10. At the front of the powertrain, there is an active mount arranged on both left and right sides, the acceleration signal at its lower end, the connection point with the subframe, is input as an error signal.



Therefore, the MIMO-FXLMS algorithm, designed in conjunction with the powertrain active vibration control system, is shown in Figure 11.



Where the engine vibration passes through the primary path   p ( z )   to become   d ( n )  , which is the offsetting vibration,    H  k i   ( z )   is the secondary path, and     H ^   k i   ( z )   is the identification model, also known as the secondary path filter shown in Equation (16), obtained from the fractional-order gradient descent LMS identification designed in Section 3. The control signal   y ( n )   passing through the    H  k i   ( z )   becomes   s ( n )  , which is actuated and used to offset the   d ( n )  .


    H ^   k i   ( z ) =  [        h ^   11         h ^   12      ⋯      h ^   1 i           h ^   21         h ^   22      ⋯      h ^   2 i        ⋮   ⋮   ⋱   ⋮        h ^   k 1         h ^   k 2      ⋯      h ^   k i        ]   



(16)







After the reference signal is filtered by the secondary path, the filtered reference signal is obtained as:


   x  ′   ( n ) = x ( n ) ∗   h ⌢   k i   ( n )  



(17)







The iterative equation for the MIMO-FxLMS system weights is:


   {       w l   (  n + 1  )  =  w l   ( n )  − μ  [   e l   ( n )  ⋅   x ′   l t l   +  e r   ( n )  ⋅   x ′   l t r    ]         w r   (  n + 1  )  =  w r   ( n )  − μ  [   e l   ( n )  ⋅   x ′   r t l   +  e r   ( n )  ⋅   x ′   r t r    ]         



(18)




where    w l    and    w r    represent the left and right channel weights, respectively,     x ′   l t l    ,     x ′   l t r    ,     x ′   r t l     and     x ′   r t r     are the reference signal of different channels, and  μ  is the step size.



Ultimately, the actuator drive voltage is calculated as:


   {       U l  ( n ) =  w l  ( n ) ⋅ x ( n )        U r  ( n ) =  w r  ( n ) ⋅ x ( n )        



(19)








4.2. Test and Result


The error sensors in the system are installed near the mounting points of the electro–hydraulic composite engine mounts, allowing the use of multiple independent secondary path filters to locally minimize each error signal. Tests were carried out under two typical operating conditions, idling and setup rise, and compared with the results of the tests with no control.



The time-domain signal comparison of the left and right error sensor signals under idling conditions is shown in Figure 12, where the self-power spectrum is obtained for the frequency-domain signal comparison, and the engine speed under idling conditions is 700~750 rpm; that is, the second-order vibration frequency is 23.3~25 Hz. And the self-power spectrum in the corresponding vibration frequency range is obtained as shown in Figure 13, where the second-order vibration is reduced by 18.12 dB in the left error sensor by the MIMO-FxLMS algorithm compared to that with no control. At the left error sensor, the MIMO-FxLMS algorithm reduces the second-order vibration by 18.12 dB compared with no control, and at the right error sensor, the MIMO-FxLMS algorithm reduces the second-order vibration by 10.33 dB compared with no control, which is a significant vibration suppression effect.



Comparison of the vibration situation in the fixed rise condition: The time-domain vibration acceleration signals at the left and right error sensor locations, collected throughout the engine’s acceleration from idle to 4000 rpm, are shown in Figure 14, and the different time durations in the two sets are due to the manual control of the throttle by the driver during testing, making it difficult to achieve complete consistency.



The time-domain signals near different rotational speeds are further extracted, and their derived self-power spectra are compared, as shown in Figure 15, Figure 16, Figure 17, Figure 18, Figure 19 and Figure 20, where the relationship between the frequency of the second-order vibration and the rotational speed is shown as:


   f  2 n d   =   R P M   30    



(20)




where f2nd represents the frequency of the second-order vibration, whose unit is Hz, and RPM represents the rotational speed, whose unit is rpm (revolutions per minute).



When the rotational speed is 1500 rpm, the vibration level at the left error sensor is −24.92 dB and the vibration level at the right error sensor is −39.36 dB with no control; when using the MIMO-FxLMS algorithm for control, the vibration level at the left error sensor location is −37.21 dB, and at the right error sensor location, it is −47.47 dB.



When the rotational speed is 2000 rpm, with no control, the left error sensor is −20.33 dB and the right error sensor is −41.33 dB, while the left error sensor is −35.60 dB and the right error sensor is −43.54 dB when the MIMO-FxLMS algorithm is utilized.



When the speed is 2500 rpm, the vibration level at the left error sensor is −12.16 dB with no control, the vibration level at the right error sensor is −33.88 dB, and the vibration level at the left error sensor is −23.40 dB with the MIMO-FxLMS algorithm, and the vibration level at the right error sensor is −36.41 dB.



When the speed is 3000 rpm, the vibration level at the left error sensor is −15.47 dB with no control, and the vibration level at the right error sensor is −33.92 dB. When the speed is 3000 rpm, the vibration level is −20.95 dB at the left error sensor and −38.37 dB at the right error sensor when the vibration is controlled.



When the speed is 3500 rpm, the vibration level is −17.34 dB at the left error sensor and −35.39 dB at the right error sensor with no control; when the speed is 3500 rpm, the vibration level is −20.35 dB at the left error sensor and −38.80 dB at the right error sensor when the vibration is controlled.



At 4000 rpm, the vibration level at the left error sensor is −14.45 dB, the vibration level at the right error sensor is −26. 71 dB with no control, and the vibration level at the left error sensor is −19.03 dB, and the vibration level at the right error sensor is −28.89 dB using the MIMO-FxLMS algorithm.





5. Results


	(1)

	
In this paper, an electro–hydraulic engine mount was designed, and the dynamic stiffness was measured under different loads, which showed that the dynamic stiffness of the hydraulic engine mount will increase as the frequency of load increases. For example, when the loaded displacement is ±1 mm, the dynamic stiffness of the hydraulic engine mount is nearly 500 N/mm at a high frequency, while it is 200 N/mm at a low frequency. Meanwhile, the electromagnetic force output test of the actuator was taken, which showed that the electromagnetic force output was linear to the current.




	(2)

	
In this paper, the secondary path identification using the FGO-LMS algorithm was taken. As the results showed, the FGO-LMS could converge at nearly 5000 iterations, while the classical LMS converges at nearly 9000 iterations, and the mean square error (MSE) is nearly 0.025 when the FGO-LMS converges, while the MSE is nearly 0.031 when the classical LMS converges.




	(3)

	
In this paper, an active vibration control experiment was performed. As the results showed, the vibration level of the left sensor decreased by 18 dB, while the vibration level of the right sensor decreased by 10 dB when the MIMO-LMS algorithm was used to control the vibration of engine at idle conditions. And the MIMO-LMS algorithm could also control the vibration effectively at different rotational engine speeds. As the experiment results showed, the vibration level at the left sensor decreased by 12.29 dB/15.27 dB/11.24 dB/5.48 dB/3.01 dB/4.58 dB, respectively, at 1500 rpm/2000 rpm/2500 rpm/3000 rpm/3500 rpm/4000 rpm, while the vibration level at the right sensor decreased by 8.11 dB/2.21 dB/2.53 dB/4.45 dB/3.41 dB/2.18 dB, respectively.








6. Conclusions


	(1)

	
Based on the active vibration reduction requirements of a test vehicle powertrain, an electro–hydraulic composite engine mount was designed, and its electromagnetic actuator and rubber hydraulic mounts were dynamically analyzed and tested;




	(2)

	
A FGO-LMS algorithm was proposed based on the nonlinear characteristics of the electro–hydraulic composite engine mounts, and based on this, the secondary path was identified, which improved the convergence speed and steady-state characteristics compared to classical LMS;




	(3)

	
Based on the MIMO-FxLMS algorithm, active vibration control experiments were conducted, and the results showed that the electro–hydraulic composite engine mounts used had a vibration attenuation of 18 dB and 10 dB for the left and right sides under idle conditions, respectively, demonstrating their excellent vibration suppression effect within the frequency range of concern under fixed rising working conditions.




	(4)

	
In the future, the active vibration control using the FGO-LMS algorithm with online secondary path identification will be studied in great depth. And the MIMO-FxLMS algorithm could be expanded to a Multi-order MIMO-FxLMS algorithm, which is used to control different order vibrations at the same time. Meanwhile, the FGO-LMS algorithm might be used to improve the active vibration control effect when the car is on the road.
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Figure 1. Model diagram of the total parameters of the electro–hydraulic composite engine mounts. 
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Figure 2. The stiffness testing of the electro–hydraulic engine mounts. 
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Figure 3. Structural performance of active mounts. (a) Low-frequency dynamic stiffness and phase angle characteristics (loaded displacement ± 1 mm); (b) dynamic stiffness characteristics (loaded displacement ± 0.02 mm). 
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Figure 4. Linear electromagnetic actuator structure. 1. Magnets; 2. armature; 3. connecting rod; 4. position tube; 5. carrier sheet; 6. spring; 7. transformers; 8. sleeve; 9. rotor; 10. wire. 






Figure 4. Linear electromagnetic actuator structure. 1. Magnets; 2. armature; 3. connecting rod; 4. position tube; 5. carrier sheet; 6. spring; 7. transformers; 8. sleeve; 9. rotor; 10. wire.



[image: Electronics 13 01974 g004]







[image: Electronics 13 01974 g005] 





Figure 5. Actuator test site diagram. 
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Figure 6. Electromagnetic force. (a) Electromagnetic force output test results; (b) actuator current output comparison at different currents. 
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Figure 7. Block diagram of fractional-order gradient descent LMS algorithm. 
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Figure 8. Performance comparison of secondary path recognition algorithms. (a) Steady-state misalignment; (b) mean square error. 
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Figure 9. Rapid control prototype test platform. (a) Subframe fitted with electro–hydraulic composite engine mounts; (b) modified test vehicle. 
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Figure 10. Block diagram of the rapid control prototype test platform system. 
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Figure 11. Block diagram of the MIMO-FxLMS active mounts control algorithm. 
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Figure 12. Time-domain signals of sensors at idle conditions. (a) Left sensor; (b) right sensor. 
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Figure 13. Self-power spectrum of sensor signals at idle conditions. (a) Left sensor; (b) right sensor. 
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Figure 14. Time-domain signal at the fixed rise condition. (a) Left sensor; (b) right sensor. 
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Figure 15. Self-power spectrum comparison of capturing speed under fixed rising conditions. (a) Autogram of left error sensor signal at 1500 rpm; (b) autogram of right error sensor signal at 1500 rpm. 
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Figure 16. Self-power spectrum comparison of capturing speed under fixed rising conditions. (a) Autogram of left error sensor signal at 2000 rpm; (b) autogram of right error sensor signal at 2000 rpm. 
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Figure 17. Self-power spectrum comparison of capturing speed under fixed rising conditions. (a) Autogram of left error sensor signal at 2500 rpm; (b) autogram of right error sensor signal at 2500 rpm. 
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Figure 18. Self-power spectrum comparison of capturing speed under fixed rising conditions. (a) Autogram of left error sensor signal at 3000 rpm; (b) autogram of right error sensor signal at 3000 rpm. 
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Figure 19. Self-power spectrum comparison of capturing speed under fixed rising conditions. (a) Autogram of left error sensor signal at 3500 rpm; (b) autogram of right error sensor signal at 3500 rpm. 
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Figure 20. Self-power spectrum comparison of capturing speed under fixed rising conditions. (a) Autogram of left error sensor signal at 4000 rpm; (b) autogram of right error sensor signal at 4000 rpm. 
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Table 1. Hydraulic mounts main parameters.
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	No.
	Parameter Name
	Symbol
	Value
	Unit





	1
	Equivalent stiffness coefficient of a rubber main spring
	Kr
	310
	N/mm



	2
	Equivalent damping coefficient for rubber main springs
	Br
	0.1
	N.s/mm



	3
	Equivalent piston area of a rubber main spring
	Ap
	4400
	mm2



	4
	Volume flexibility of the upper liquid chamber
	C1
	31,079
	mm5/N



	5
	Volume flexibility of the lower liquid chamber
	C2
	2.6 × 106
	mm5/N



	6
	Area of vibrating membrane
	Ad
	2820
	mm2



	7
	Diaphragm stiffness
	Kd
	110
	N/mm



	8
	Decoupling membrane liquid sense
	Ii
	2.16 × 104
	kg/m4



	9
	Decoupling membrane liquid resistance
	Ri
	4.3 × 107
	N.s/m5










 





Table 2. Electromagnetic actuator main parameters table.
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	No.
	Parameter Name
	Symbol
	Value
	Unit





	1
	Permanent magnet residual flux density
	Bm
	1.5
	T



	2
	Number of turns
	N
	60
	/



	3
	Air gap width
	agap
	1
	mm



	4
	Outer diameter of actuator
	dmov
	50
	mm



	5
	Height of permanent magnet
	l
	13
	mm



	6
	Maximum amplitude
	x
	±2
	mm



	7
	Spring stiffness
	k
	110
	N/mm
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