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Abstract

:

The complicated spectrum produced by electric and hybrid car engines is particularly sensitive to the mid-frequency range. Furthermore, sensor placement in future mobility is crucial because when the positions and orientations of sensors are altered by excessive vehicle vibration, it results in the malfunctioning of autonomous driving systems. Smart structure-based active mounting approaches have been developed to reduce engine-induced vibration. These are made to continually adjust the mounts’ dynamic properties and enhance their performances in terms of noise, vibration, and harshness (NVH) under diverse operating circumstances. It can take the place of the engine support system’s current mount technique. The performance of the source part for reducing vibration when the structure is triggered by a sinusoidal and multi-frequency signal is the main subject of this study. The overall structure, which has two active mounts based on the source-paths-receiver structure, was modeled using a lumped parameter model. In the source section, sinusoidal, amplitude modulation (AM), and frequency modulation (FM) signals were used in order to assess the effectiveness of vibration reduction in the mid-frequency band. The normalized least mean-square (NLMS) technique was utilized to assess the effectiveness of an active mounting system, and a tracking signal was employed as a control signal. The algorithm was further expanded to the multi-NLMS algorithm to monitor the complex spectral signal. This demonstrates how an active mounting system can successfully reduce vibrations when the structure is activated by many mid-frequency complex signals.
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1. Introduction


Since the automotive industry switched from internal combustion engine vehicles to electric vehicles, high-efficiency engines and light-weight vehicle bodies have become increasingly important for the development of vehicles. Increasing vehicle production also increases the excitation force of the engine. However, by increasing the engine excitation force, a complex vibration will be produced, and these vibrations are transmitted to other parts, such as the gearboxes and sub-frame. Additionally, this makes an unwelcome noise that is directly tied to the driver’s surroundings. To reduce that noise, many researches were carried out, such as Sampath et al. [1] proposing a performance function for internal noise control and applying it to the three-dimensional enclosure for noise control. The noise reduction effect was more obvious with the number of actuators and positions obtained through the performance function. To control sound fields inside a three-dimensional rectangular enclosure, Moustafa et al. [2] developed a zero-spillover control scheme, and the results show that good attenuation can be obtained for the enclosure in the cases of narrow-band and broadband interferences. Vibration attenuation is accomplished by structural modifications using the conventional isolation methods, but this approach has drawbacks in terms of enhancing NVH performance in diverse operating environments.



An active engine mounting system based on a smart structure that can continuous-control dynamic characteristics has garnered a lot of interest as a way to get around these restrictions. Active vibration control has been the subject of numerous studies, including the following: PZT actuators were used for active vibration control of engines in numerous applications [3,4,5]. Through suitable adjustment and elastic vibration control product design, Schwibinger et al. [6] carried out active vibration and noise control in the powertrain. According to experimental findings, it is possible to lessen the transmission system’s noise and vibration. Jiang et al. [7] reported structure–actuator-interaction-based vibration control for a plate structure (SAI). The experimental findings show that it is possible to adjust the first and second modes and boost the plate structure’s stiffness effect. A new sort of active mount using electromechanical actuators was presented by Mansour et al. [8] to address the isolation issue with variable displacement engines (VDE). The proposed model can handle complex vibration modes, according to experiments. Through a mathematical simulation of an active engine mounting system, Zhang et al. [9] proposed a link between the input voltage and output force. The complex stiffness, magnetic field, and coil parameters impact the dynamic properties of the secondary path, according to experiments and numerical simulations.



In addition, a lot of research has concentrated on creating and enhancing the following algorithms in order to perform active vibration control: In order to locate piezoelectric actuators and sensors for active vibration control, Bruant et al. [10] used a genetic algorithm. Chhabra et al. [11] used a modified heuristic genetic algorithm to determine where piezoelectric patches should be placed on a square board. The simulation results demonstrate the effectiveness of the vibration reduction effect when ten actuators are arranged symmetrically. By comparing the performance of an active engine mount with the H2 and H schemes—two robust control algorithms—Fakhari et al. [12] evaluated its effectiveness. The outcomes demonstrate that an effective controller and active installation can enhance engine vibration performance. A mathematical model for the semi-active MR engine and transmission mount was presented by Farjoud et al. [13]. The simulation yielded the best vibration isolation performance after modifying the control parameters. The best locations for the PZT actuator and sensor in a simply supported plate were found using GA by Bruant et al. [14]. The simulation demonstrates that GA can be used to define the ideal locations. Using the GA, Tham et al. [15] suggested a method for locating laminated composite panels with bonded, dispersed piezoelectric actuators. Additionally, a finite element model was created based on first-order shear deformation theory to perform active vibration control. To enhance the performance of the LMS method, Kim et al. [16,17,18] introduced the unique model-predictive sliding mode control (MPSMC) approach. The results of an experiment to verify the effectiveness of the vibration reduction reveal that the vibration level is reduced for cantilever beams and piezoelectric strut structures. Vibration control for coupled-path structures was carried out by Liette et al. [19] using rubber mounts and piezoelectric stack actuators. The active path input signal was quantified by taking into account the interaction between the source and active routes in order to isolate the source motion. Utilizing modeling and experiments, the vibration isolation was verified at the intended source path. However, the engine itself produces a complicated signal with more than two frequencies. It is challenging to apply the quantification method to a real engine mounting system because it can only be used on a single sinusoid. For the active control of complex multi-frequency signals, many studies were implemented. Pelinescu et al. [20] proposed a method for active control of longitudinal and flexural vibrations transmitted through cylindrical struts. This method can attenuate structure-borne noise caused by gears in the helicopter nacelle. Mahapatra et al. [21] introduced active control of multiple waves in a finite-length strut and applied it to a gearbox above a helicopter’s fuselage. The optimal sensor–actuator configuration is proposed through the analysis of the feedback control of the axial–flexural coupled wave by an active spectral element model (ASEM).




2. Problem Formulation


This article’s focus is solely on regulating source mass motion when a signal with a mid-frequency range excites the structure. For analytical purposes, a two-path active structural system with integrated active elements to lessen the source motion brought on by the excitation force is investigated. The source component in Figure 1 stands for an electric power train, and the reception component is a sub-frame. One passive and two active pathways make up the path segments. In the passive approach, only a rubber mount was utilized, whereas in the active way, both a rubber mount and a piezoelectric stack actuator were used. The following actions were taken to achieve the stated goals: (1) To verify the effectiveness of vibration reduction, the mathematical model was built using a lumped parameter model. (2) In an active mounting system, the normalized least mean-square (NLMS) algorithm was used to regulate the source motion control. (3) Amplitude modulation (AM), frequency modulation (FM), and sinusoids were employed as excitation signals to validate the vibration reduction performance in the mid-frequency band. Shaker locations were taken into account in the simulation when they were not aligned (asymmetric) with the actuator line.



The structure of this article is as follows: For a structure with two active mounting systems, Section 3 explains how to build the equation of motion using a lumped parameter model. The NLMS algorithm’s theory is explained in Section 4. The outcomes of the numerical simulation are described in Section 5. Section 6 concludes with a discussion of upcoming projects.




3. Modeling of an Active Mounting System


3.1. Lumped Parameter Approach


Based on the lumped parameter approach, the overall model with two vertically active structural paths was created, as illustrated in Figure 2. The source in this instance is analogous to an electric power train, and the receiver is analogous to a sub-frame. The path components stand in for both passive and active pathways. In the passive approach, only a rubber mount is utilized, whereas in the active way, both a rubber mount and a piezoelectric stack actuator are used.



In Figure 3,    m s    and    m r    stand for the masses of the source and receiver, respectively.    m  a c 1     and    m  a c 2     represent the actuator’s mass. When the simulation was performed, the mass was measured and used. The rubber mass was also disregarded.    θ  s y     and    θ  r y     depict the source- and receiver-specific rotating motions in y-direction.    I  s y     and    I  r y     render the inertia in y-direction for the source and receiver, respectively.    θ  s x     and    θ  r x     illustrate the source and receiver-specific rotations in x-direction.    I  s x     and    I  r x     represent the inertia in x-direction for the source and receiver, respectively.    l i    and    l  r i     stand for the lengths to the active and rubber mount from mass center, respectively.    d i    depicts the lengths to the shaker from the mass center.    k  m i    ,    k  b r i    , and    c  m i    ,     c  b r i     render the respective stiffness and damping coefficient.    F 1   ( t )   ,    F 2   ( t )   , and   F  ( t )    illustrate the control and the disturbance forces.    ε i    represents the vertical motions. In this study, it is presumptive that only the z-direction of displacement and the x- and y-directions of rotational motion are taken into account. The whole model therefore comprises an 8-DOF system with four translational motions and four rotating motions. Newton’s second law can be used to describe and condense the equation of motion. The terms  M ,  C , and  K  in these equations stand in for, respectively, mass, damping, and stiffness. In addition, the terms  F ,  W , and  S  depict actuator, excitation force, and displacement, respectively. Table 1 provides a summary of the values for the specified parameters.


  M  S ¨   ( t )  + C  S ˙   ( t )  + K S  ( t )  = F  ( t )  + W  ( t )   



(1)






  M = d i a g  (   {   m s     m r     m  a c 1      m  a c 2      I  s y      I  r y      I  s x      I  r x    }   )   



(2)






      K     =       k  m 1   +  k  m 2   +  k  m 3       −  k  m 3         −  k  m 3        k  m 3   +  k  m 4   +  k  m 5   +  k  b r 1   +  k  b r 2   +  k  b r 3   +  k  b r 4         −  k  m 1       −  k  m 4         −  k  m 2       −  k  m 5          k  m 2    l 2  −  k  m 1    l 1     0     0     k  m 5    l 2  −  k  m 4    l 1  −  k  b r 1    l  r 1   +  k  b r 2    l  r 2   −  k  b r 3    l  r 3   +  k  b r 4    l  r 4          k  m 1    l  f 2   +  k  m 2    l  f 2   −  k  m 3    l  f 1        k  m 3    l  f 1          k  m 3    l  f 1        k  m 5    l  f 2   +  k  m 4    l  f 2   −  k  m 3    l  f 1   −  k  b r 1    l  r f 1   −  k  b r 2    l  r f 2   +  k  b r 3    l  r f 3   +  k  b r 4    l  r f 4                   −  k  m 1       −  k  m 2        k  m 2    l 2  −  k  m 1    l 1     0      −  k  m 4       −  k  m 1      0    −  k  m 4    l 1  +  k  m 5    l 2  −  k  b r 1    l  r 1   +  k  b r 2    l  r 2   −  k  b r 3    l  r 3   +  k  b r 4    l  r 4          k  m 1   +  k  m 4      0     k  m 1    l 1       k  m 4    l 1       0     k  m 2   +  k  m 5       −  k  m 2    l 2      −  k  m 5    l 2         k  m 1    l 1      −  k  m 2    l 2       k  m 1    l  1  2  +  k  m 2    l  2  2     0       k  m 4    l 1      −  k  m 5    l 2     0     k  m 4    l  1  2  +  k  m 5    l  2  2  +  k  b r 1    l  r 1  2  +  k  b r 2    l  r 2  2  +  k  b r 3    l  r 3  2  +  k  b r 4    l  r 4  2        −  k  m 1    l  f 2       −  k  m 2    l  f 2      0   0      −  k  m 4    l  f 2       −  k  m 5    l  f 2      0   0                 k  m 1    l  f 2   +  k  m 2    l  f 2   −  k  m 3    l  f 1        k  m 3    l  f 1          k  m 3    l  f 1        k  m 4    l  f 2   +  k  m 5    l  f 1   −  k  m 3    l  f 1   −  k  b r 1    l  r f 1   −  k  b r 2    l  r f 2   +  k  b r 3    l  r f 3   +  k  b r 4    l  r f 4         −  k  m 1    l  f 2       −  k  m 4    l  f 2         −  k  m 2    l  f 2       −  k  m 5    l  f 2        0   0     0   0       k  m 3    l  f 1  2  +  k  m 1    l  f 2  2  +  k  m 2    l  f 2  2      −  k  m 3    l  f 1  2        −  k  m 3    l  f 1  2       k  m 4    l  f 2  2  +  k  m 5    l  f 2  2  +  k  m 3    l  f 1  2  +  k  b r 1    l  r f 1  2  +  k  b r 2    l  r f 2  2  +  k  b r 3    l  r f 3  2  +  k  b r 4    l  b r 4  2            



(3)






      C     =       c  m 1   +  c  m 2   +  c  m 3       −  c  m 3         −  c  m 3        c  m 3   +  c  m 4   +  c  m 5   +  c  b r 1   +  c  b r 2   +  c  b r 3   +  c  b r 4         −  c  m 1       −  c  m 4         −  c  m 2       −  c  m 5          c  m 2    l 2  −  c  m 1    l 1     0     0     c  m 5    l 2  −  c  m 4    l 1  −  c  b r 1    l  r 1   +  c  b r 2    l  r 2   −  c  b r 3    l  r 3   +  c  b r 4    l  r 4          c  m 1    l  f 2   +  c  m 2    l  f 2   −  c  m 3    l  f 1        c  m 3    l  f 1          c  m 3    l  f 1        c  m 5    l  f 2   +  c  m 4    l  f 2   −  c  m 3    l  f 1   −  c  b r 1    l  r f 1   −  c  b r 2    l  r f 2   +  c  b r 3    l  r f 3   +  c  b r 4    l  r f 4                   −  c  m 1       −  c  m 2        c  m 2    l 2  −  c  m 1    l 1     0      −  c  m 4       −  c  m 1      0    −  c  m 4    l 1  +  c  m 5    l 2  −  c  b r 1    l  r 1   +  c  b r 2    l  r 2   −  c  b r 3    l  r 3   +  c  b r 4    l  r 4          c  m 1   +  c  m 4      0     c  m 1    l 1       c  m 4    l 1       0     c  m 2   +  c  m 5       −  c  m 2    l 2      −  c  m 5    l 2         c  m 1    l 1      −  c  m 2    l 2       c  m 1    l  1  2  +  c  m 2    l  2  2     0       c  m 4    l 1      −  c  m 5    l 2     0     c  m 4    l  1  2  +  c  m 5    l  2  2  +  c  b r 1    l  r 1  2  +  c  b r 2    l  r 2  2  +  c  b r 3    l  r 3  2  +  c  b r 4    l  r 4  2        −  c  m 1    l  f 2       −  c  m 2    l  f 2      0   0      −  c  m 4    l  f 2       −  c  m 5    l  f 2      0   0                 c  m 1    l  f 2   +  c  m 2    l  f 2   −  c  m 3    l  f 1        c  m 3    l  f 1          c  m 3    l  f 1        c  m 4    l  f 2   +  c  m 5    l  f 1   −  c  m 3    l  f 1   −  c  b r 1    l  r f 1   −  c  b r 2    l  r f 2   +  c  b r 3    l  r f 3   +  c  b r 4    l  r f 4         −  c  m 1    l  f 2       −  c  m 4    l  f 2         − k  c  m 2    l  f 2       −  c  m 5    l  f 2        0   0     0   0       c  m 3    l  f 1  2  +  c  m 1    l  f 2  2  +  c  m 2    l  f 2  2      −  c  m 3    l  f 1  2        −  c  m 3    l  f 1  2       c  m 4    l  f 2  2  +  c  m 5    l  f 2  2  +  c  m 3    l  f 1  2  +  c  b r 1    l  r f 1  2  +  c  b r 2    l  r f 2  2  +  c  b r 3    l  r f 3  2  +  c  b r 4    l  b r 4  2            



(4)






       S  ( t )  =    {       ε 1       ε 2       ε 3       ε 4       θ  s y        θ  r y        θ  s x        θ  r x        }   T  ,        W  ( t )  =    {      F  ( t )     0   0   0    F  ( t )   d 1     0    F  ( t )   d 2     0     }   T  ,        F  ( t )  =    {     0   0     F 1       F 2     0   0   0   0     }   T       



(5)







The system’s parameter values are listed in Table 1. Here, masses are given, lengths are measured, and moments of inertia are obtained from mathematical calculations.    k  m i   =   k ˜   m i    (  1 + i  η  m i    )   , where     k ˜   m i     is the real part,    η  m i     is the loss factor, and   i =   − 1    .    k  b r i   =   k ˜   b r i    (  1 + i  η  b r i    )   , where     k ˜   b r i     as the real part and    η  b r i     as the loss factor. To determine the values of    k  m i     and    k  b r i    , a chirp voltage signal applied to the actuator, and we found out the resonant frequency of the actuator through experiments.   k =  ω 2   m  a c 1    , where  ω  is the natural frequency.   η =  (   ω 2  −  ω 1   )  / ω  , where    ω 1    and    ω 2    are the half-power frequencies. The method is the same to determine the other values.



At the mass coordinates’ center, the motion equation is found. This study, however, focuses on the active mount system’s ability to reduce vibration. As a result, the equation of motion should be rewritten in terms of mounting coordinates. Figure 4 illustrates the relationship between the location of the mount and the center of mass. The locations of active path 1, active path 2, rubber mount (path 3), and the center of mass are represented in Figure 4 by the points P, Q, R, and O, respectively. Equation (6) represents the coordinate transformation after applying the internal dividing point.


  O =    l  f 2      l  f 1   +  l  f 2     R +  (     l  f 1      l  f 1   +  l  f 2        l 2     l 1  +  l 2     )  P +  (     l  f 1      l  f 1   +  l  f 2        l 1     l 1  +  l 2     )  Q  



(6)







The transfer matrix  Λ  is defined using the Equation (6) as follows.


  Λ =        l  f 1     l  f 1   +  l  f 2       l 2    l 1  +  l 2          l  f 1     l  f 1   +  l  f 2       l 1    l 1  +  l 2         l  f 2     l  f 1   +  l  f 2       0   0   0   0   0     0   0   0   0   0      l  f 1     l  f 1   +  l  f 2       l 2    l 1  +  l 2          l  f 1     l  f 1   +  l  f 2       l 1    l 1  +  l 2         l  f 2     l  f 1   +  l  f 2         0   0   0   1   0   0   0   0     0   0   0   0   1   0   0   0      −  1   l  f 1   +  l  f 2      1   l 1  +  l 2         1   l  f 1   +  l  f 2      1   l 1  +  l 2       0   0   0   0   0   0     0   0   0   0   0    −  1   l  f 1   +  l  f 2      1   l 1  +  l 2         1   l  f 1   +  l  f 2      1   l 1  +  l 2       0       1   l  f 1   +  l  f 2      1   l 1  +  l 2         1   l  f 1   +  l  f 2      1   l 1  +  l 2        −  1   l  f 1   +  l  f 2        0   0   0   0   0     0   0   0   0   0     1   l  f 1   +  l  f 2      1   l 1  +  l 2         1   l  f 1   +  l  f 2      1   l 1  +  l 2        −  1   l  f 1   +  l  f 2           



(7)







Equation (7) shows the coordinate transformation, and Equation (8) expresses transformed displacement, mass, and stiffness matrices. Using Equation (8), the equation of motion can be reformulated as Equation (9). Here, superscripts stand in for the modified matrix. Equation (10) specifies the vector of amplitude displacement related to each path. Figure 5 shows different coordinate systems.


   S  ( t )  = Λ  S ′   ( t )    ,    M ′  = M Λ   ,      K ′  = K Λ   



(8)






   M ′     S ¨   ′   ( t )  +  C ′    S ˙  ′   ( t )  +  K ′   S ′   ( t )  = F  ( t )  + W  ( t )   



(9)






   S ′   ( t )  =    {       ζ  s 1 p 1  ′       ζ  s 2 p 1  ′       ζ  s 3 p 1  ′       ε 3       ε 4       ζ  s 1 p 2  ′       ζ  s 2 p 2  ′       ζ  s 3 p 2  ′       }   T   



(10)








3.2. State-Space Model


The simulation was carried out to confirm the impact of active paths on the source part’s vibration reduction. As a result, the state-space equation redefines the equation of motion. The block diagram and equations are represented in Figure 6 as Equations (11) and (12).


   x ˙   ( t )  =  A _  x  ( t )  +  B _  u  ( t )   



(11)






  y  ( t )  =  C _  x  ( t )  +  D _  u  ( t )   



(12)







In Equations (11) and (12),   A _  ,   B _  , and   C _   represent the system, input, and output matrixes, respectively, as summarized in Equations (13) and (14).


    A _  =  [        O   8 × 8         I   8 × 8         −  K ′  /  M ′      −  C ′  /  M ′       ]    ,              B _  =  [        O   8 × 8         − 1 /  M ′       ]    



(13)






    C _  =  [            I   3 × 3         O   3 × 2         O   3 × 3           O   3 × 3         O   3 × 2         I   3 × 3             O   6 × 8        ]    ,              D _  =  [    O   6 × 8    ]    



(14)







The purpose of this study was to validate the ability to reduce vibration using active mounting solutions. Each mounting path was then specified in the output   y  ( t )   , indicating that   y  ( t )    also comprises the overall path between the source and receiver, and four active and two passive paths, as summarized in Equation (15).


  y  ( t )  =    {       ζ  s 1 p 1  ′       ζ  s 2 p 1  ′       ζ  s 3 p 1  ′       ζ  s 1 p 2  ′       ζ  s 2 p 2  ′       ζ  s 3 p 2  ′       }   T   



(15)









4. Multi-NLMS Algorithm


LMS, NLMS, and RLS adaptive filters have the ability to track or forecast the signal. As a result, adaptive algorithms are frequently used to manage the system’s noise and vibration. As a result, the NLMS algorithm was utilized to follow the source part’s active path signal in order to control it using an active mounting system. Figure 7 depicts the whole control process’s schematic. The active mounting system’s input signal is the tracked signal from the NLMS.



Single- and multi-frequency excitation signals are applied to the source portion using a shaker. The NLMS method controls single-frequency signals, whereas the multi-NLMS algorithm, which includes three channels, controls multi-frequency signals like AM and FM. Figure 8 displays the multi-NLMS schematic diagram.



In Figure 8,    x n    and    d n    stand for disturbance and plant output signals, respectively.    y n    depicts the control input summing up each filter’s output, and    e n    illustrates the error signal between    y n    and    d n   . For updating the multi-NLMS algorithm with an error signal, the following filter weight updating equation is employed as Equation (16).


   w  n + 1   =  w n  + μ    e n   x n    γ + ‖  x n  ‖   2     



(16)








5. Results from Computational Analysis


Three case simulations, triggered by sinusoidal, AM, and FM signals, were carried out in order to test the vibration reduction performance through an active mounting system. The relationship between the lengths between the center of mass and the shaker    d 2    and the length between the center of mass and the active mounting system    l  f 2     determines that the shaker and active mounting system must not be on the same straight line for this series of simulations, as shown in Figure 9. A shaker was also employed in the source section to apply sinusoidal, AM, and FM signals with a mid-frequency range, with    d 2    and    l  f 2     adjusted to 30 and 60 mm.



5.1. Sinusoids


The efficacy of vibration control is demonstrated in this section for when the active mounting system and shaker were not placed in a straight line. When the source portion is activated by a sinusoidal signal of 460 Hz, which is defined in Equation (17), the simulation was first carried out using the state-space model, which is explained in Section 3.2.


  m = 10 × in  (  2 π × 460 t  )   



(17)







The NLMS method was also used to track the signal for an active path of the source portion. As demonstrated in Figure 10, the fast Fourier transform (FFT) was used to translate the source part’s output into the frequency domain and examine the impact of an active mounting system. Table 2 also provides an overview of peak values at the target frequency.



The blue and red lines in Figure 10 represent uncontrolled and controlled spectra, respectively. Paths 1 and 2 in Table 2 depict the active road with an active mounting mechanism, and path 3 represents the passive path, which consists of rubber grommets only. Paths 1, 2, and 3 were decreased to 65.4, 66.7, and 35.1 dB, respectively, at the desired frequency, based on the preceding results. The results of pathways 1 and 2 demonstrate significant reductions in vibration compared to path 3. This indicates that an active mounting system employing the NLMS algorithm is able to control the structure’s vibration when it is activated at mid-frequency.




5.2. Amplitude Modulated Signal


The efficiency of an active mounting system was proven in Section 5.1 when the structure was activated by a sinusoidal signal. In actuality, the electric powertrain’s vibration is typically a complex signal with a range of frequencies. Therefore, in order to properly validate an active mounting system, it is important to examine more complicated signals. As a result, the AM signal—which is specified by Equation (18)—was utilized as an excitation signal.


  s = 2 × sin  (  2 π × 300 t  )  + 4 × sin  (  2 π × 600 t  )  + 2 × sin  (  2 π × 620 t  )   



(18)







In addition, a three-channel multi-NLMS algorithm was used to trace the source’s active path signal. Equations (19) through (21) provide the reference signals for the three channels.


   s 1  = 2 × sin  (  2 π × 300 t  )   



(19)






   s 2  = 4 × sin  (  2 π × 460 t  )   



(20)






   s 3  = 2 × sin  (  2 π × 620 t  )   



(21)







Figure 11 depicts the transformation of the output of the source component into the frequency domain, which is necessary for analyzing the influence of an active mounting system. In addition, a peak value at the frequency of interest is reported in Table 3.



The blue and red lines in Figure 11 represent uncontrolled and controlled spectra, respectively. Paths 1 and 2 in Table 3 depict the active path with an active mounting mechanism, and path 3 represents the passive path, which consists of rubber grommets only. Path 1’s primary frequency was reduced by 49.9 dB, and sub-frequencies(sidebands) were reduced by 70.2 and 36.8 dB, respectively, as seen in the data above. In path 2, the primary frequency was reduced by 53,4 dB, and the sub-frequencies were reduced by 69.8 and 37.1 dB, respectively. Path 3 reveals that the principal frequency was reduced by 43.3 dB, and sub-frequencies were reduced by 44.9 and 26.9 dB, respectively.




5.3. Frequency Modulated Signal


The FM signal, which is determined by Equation (22), is utilized as an excitation signal in this section to evaluate the capability of an active mounting system in a more challenging environment because the AM signal is a relatively basic signal with three frequencies only.


  c = 2 × sin  (  2 π × 460 t + 2 × cos  (  2 π × 60 t  )   )   



(22)







For the purpose of defining the reference signal for the multi-NLMS algorithm, the system’s signal has been analyzed when the structure is excited by an FM signal. Through this study, the primary frequency that exerts the most influence on the structure was identified, which are three main frequencies. Equations (23)–(25) define the reference signal for each active path.


   c 1  = sin  (  2 π × 400 t  )   



(23)






   c 2  = sin  (  2 π × 460 t  )   



(24)






   c 3  = sin  (  2 π × 520 t  )   



(25)







Figure 12 depicts the transformation of the output of the source component into the frequency domain, which is necessary for analyzing the influence of an active mounting system. Table 4 summarizes a peak value at the frequency of interest.



The blue and red lines in Figure 12 represent uncontrolled and controlled spectra, respectively. Paths 1 and 2 in Table 4 depict the active path with an active mounting mechanism, and path 3 represents the passive path, which consists of rubber grommets only. Path 1 demonstrates that the primary frequency was reduced by 63.3 dB, and sub-frequencies were reduced by 71.2 and 61.0 dB, respectively. Path 2 further demonstrates that the primary frequency was reduced by 72.2 dB, and sub-frequencies were reduced by 67.6 and 63.3 dB, respectively. Path 3 demonstrates that the principal frequency was reduced by 38.4 dB, and sub-frequencies were reduced by 35.9 and 35.4 dB, respectively. Simulation findings of AM and FM signals indicate that when multi-NLMS is implemented in an active mounting system, the reduction of vibration is highly effective.





6. Conclusions


This work focuses on the control of source motion by means of active mounting systems comprising a piezoelectric actuator and a rubber grommet when a single or multi-frequency signal with a mid-frequency range is applied. For the purpose of validating the efficacy of active mounting systems, numerical simulations were performed to categorize the overall cases into sinusoidal, AM, and FM signals. In addition, the NLMS and multi-NLMS algorithms were used to control the source motion in active mounting systems. The following are the primary contributions of this study: (1) A sinusoidal signal was applied to the structure to validate the mid-frequency performance of an active mounting system. In addition, the vibration caused by the electric powertrain is typically a signal with several frequencies and complexity. (2) As a result, AM and FM signals were utilized in the simulation to address the severe problem. The simulation validates the performance of an active mounting system employing NLMS or multiple NLMS algorithms. In future research, a feasibility experiment should be conducted to confirm the vibration reduction’s effectiveness. In addition, for successful control, the optimal location of the active mounting system must be provided.
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Figure 1. Integration of active elements to lessen source movement brought on by excitation force. 
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Figure 2. Eight-DOF lumped parameter model for an asymmetric plate-like structure. 
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Figure 3. Free-body diagram for (a) xz-plane and (b) yz-plane. 
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Figure 4. Relationship between mass center and paths. 
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Figure 5. Schematic of the mounting system with (a) mass coordinates and (b) mount coordinates. 
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Figure 6. Block diagram of the state-space model. 






Figure 6. Block diagram of the state-space model.



[image: Symmetry 15 00178 g006]







[image: Symmetry 15 00178 g007 550] 





Figure 7. Conceptual structure schematic for implementing control algorithms. 
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Figure 8. Block diagram of multi-NLMS algorithm. 
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Figure 9. Shaker and two actuators not aligned. 
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Figure 10. Sinusoidal wave spectra at the source on (a) path 1, (b) path 2, and (c) path 3. Key: before control  [image: Symmetry 15 00178 i001], controlled with NLMS  [image: Symmetry 15 00178 i002]. 
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Figure 11. Amplitude-modulated (AM) signal spectra at the source part on (a) path 1, (b) path 2, and (c) path 3. Key: before control  [image: Symmetry 15 00178 i001], controlled with NLMS  [image: Symmetry 15 00178 i002]. 
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Figure 12. Frequency modulated (FM) signal spectra at source part on (a) path 1, (b) path 2, and (c) path 3. Key: before control  [image: Symmetry 15 00178 i001], controlled with NLMS  [image: Symmetry 15 00178 i002]. 
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Table 1. System parameters identified from a real experimental setup.
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	Parameters
	Values
	Unit





	    m s  =  m r    
	   2.14   
	    k g    



	    m  a c 1   =  m  a c 2     
	   0.075   
	    k g    



	    I  s y   =  I  r y     
	   19.44   
	     gm  2    



	    I  s x   =  I  r x     
	   10.29   
	     gm  2    



	    k  m 1     
	   5.64  (  1 + i 0.036  )    
	      kN   mm    − 1     



	    k  m 2     
	   5.64  (  1 + i 0.036  )    
	      kN   mm    − 1     



	    k  m 3     
	   0.61  (  1 + i 0.034  )    
	      kN   mm    − 1     



	    k  m 4     
	   0.53  (  1 + i 0.300  )    
	      kN   mm    − 1     



	    k  m 5     
	   0.53  (  1 + i 0.300  )    
	      kN   mm    − 1     



	    k  b r n     
	   0.42  (  1 + i 0.300  )    
	      kN   mm    − 1     



	    d 1    
	   58   
	   mm   



	    d 2    
	   30   
	   mm   



	    l 1    
	   58   
	   mm   



	    l 2    
	   116   
	   mm   



	    l  f 1     
	   60   
	   mm   



	    l  f 2     
	  30   or 60
	   mm   



	    l  r 1   =  l  r 2   =  l  r 3   =  l  r 4     
	   150   
	   mm   



	    l  r f 1   =  l  r f 2   =  l  r f 3   =  l  r f 4     
	   100   
	   mm   
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Table 2. Comparison of peak values at 460 Hz in the frequency domain at the source.
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	∆L [dB]
	Path 1 (Active Path)
	Path 2 (Active Path)
	Path 3 (Passive Path)





	Frequency
	460 Hz
	460 Hz
	460 Hz



	Original
	284.8
	286.2
	191.5



	NLMS Control
	219.4
	219.5
	156.4



	Decreasing Rate
	65.4%↓
	66.7%↓
	35.1%↓










[image: Table] 





Table 3. Comparison of peak values at main frequencies (300, 460, and 620 Hz) in the frequency domain on the source part.
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∆L [dB]

	
Path 1 (Active Path)

	
Path 2 (Active Path)

	
Path 3 (Passive Path)






	
Frequency

	
300 Hz

	
460 Hz

	
620 Hz

	
300 Hz

	
460 Hz

	
620 Hz

	
300 Hz

	
460 Hz

	
620 Hz




	
Original

	
272.6

	
266.5

	
239.6

	
273.9

	
267.8

	
241.1

	
181.7

	
173.3

	
145.7




	
Multi-NLMS Control

	
202.4

	
216.6

	
202.7

	
204.1

	
214.4

	
204.0

	
136.8

	
130.0

	
118.8




	
Decreasing Rate

	
70.2%↓

	
49.9%↓

	
36.9%↓

	
69.8%↓

	
53.4%↓

	
37.1%↓

	
44.9%↓

	
43.3%↓

	
26.9%↓
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Table 4. Comparison of peak values at main frequencies (400, 460, and 520 Hz) in the frequency domain on the source part.
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∆L [dB]

	
Path 1 (Active Path)

	
Path 2 (Active Path)

	
Path 3 (Passive Path)






	
Frequency

	
400 Hz

	
460 Hz

	
520 Hz

	
400 Hz

	
460 Hz

	
520 Hz

	
400 Hz

	
460 Hz

	
520 Hz




	
Original

	
247.9

	
222.6

	
236.2

	
249.3

	
224.1

	
237.6

	
155.2

	
129.9

	
142.6




	
Multi-NLMS Control

	
176.7

	
159.3

	
175.2

	
181.7

	
151.9

	
174.3

	
119.3

	
91.5

	
107.2




	
Decreasing Rate

	
71.2%↓

	
63.3%↓

	
61.0%↓

	
67.6%↓

	
72.2%↓

	
63.3%↓

	
35.9%↓

	
38.4%↓

	
35.4%↓
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