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ABSTRACT 
 

The purpose of this paper is to design a smart car oil pan with surface-attached 
piezoelectric actuators for active noise and vibration reduction using numerical simulations. 
In the analyses the FEM is applied to model the structural behavior of the oil pan as well as 
the surface-attached piezoelectric actuators. At first uncoupled structural FE simulations of 
the oil pan are presented, which are aimed to indentify the most dominant mode shapes 
within a frequency range of 0-1200 Hz. Based on these results the definition of the actuator 
positions is performed. In a next step, a fully coupled electromechanical FE model is created 
by including the piezoelectric actuators. Then, a velocity feedback control algorithm is 
implemented into the electromechanical FE analysis to provide a closed loop model. In order 
to evaluate the performance of the designed system, test simulations of the actively 
controlled oil pan are carried out in the frequency domain and the results are compared with 
experimental data. Additionally, the exterior noise radiation of the oil pan is computed with 
the help of the BEM to examine the noise reduction efficiency of the designed system. 
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INTRODUCTION 

 
Over the past years an increasing attention has been paid to vibration and noise control in 

automotive engineering. The control of noise and vibration is essential in the design process 
of an automobile, since it contributes to the comfort, efficiency and safety. There are two 
different approaches to achieve noise and vibration attenuation. On the one hand, there is the 
widely used passive approach. Mostly, passive control techniques reduce the vibration and 
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sound emission of structures by modifying the structural geometry [1] or by applying 
additional damping materials. These methods are best suited for a frequency range above 1 
kHz. 

Active noise and vibration control is an alternative way to minimize unwanted structural 
vibrations and noise that moves more and more into the field of vision for designers. The 
purpose of this concept is to control the structural and acoustic response by applying actuator 
forces to the structure. Active noise and vibration control is similar to active structural 
acoustic control (ASAC) since the actuator signals are also determined based on vibrational 
inputs, but the goals are different. The ASAC concept is aimed to reduce the acoustic 
response only. 

In active systems piezoelectric ceramics are widely used as sensors and actuators, because 
they can easily be bonded on or imbedded into conventional structures. In addition, they are 
lightweight and have relatively high actuating force and relatively low power consumption 
characteristics. Active control techniques are usually employed in applications where the 
frequency range of interest is between 50 Hz and 1 kHz. 

Considering passenger cars, the power train represents one of the main noise sources. The 
major contributor to the power train noise emission is the engine oil pan. Therefore, the aim 
of the paper is to design a smart car oil pan with surface-attached piezoelectric actuators for 
active vibration and noise reduction. In the following a design study is presented, where the 
oil pan is regarded separately and free-free boundary conditions are assumed. The decoupled 
oil pan in combination with an excitation at the oil pan flange captures the relevant structural 
acoustic behavior, since the sound dominating mode shapes of the oil pan bottom remain 
unchanged. Other power train components that contribute significantly to the overall sound 
radiation, such as the valve cover, the gearbox and the cylinder head are not considered here. 

The development of a smart oil pan for active noise and vibration control requires 
efficient and reliable simulation tools. A virtual model is of particular interest in the design 
process, since it predicts the performance of the smart oil pan and enables the engineer to 
compare different sensor-actuator configurations and control algorithms. An appropriate 
model includes not only the passive oil pan and the exterior sound field, but also the sensors 
and actuators as well as the employed control algorithm. Due to the interactions between 
these subsystems the simulation becomes a coupled multi-field problem involving the fields 
of structural dynamics, electromechanics, acoustics and control theory. Hence, the accurate 
modeling of active noise and vibration control is a challenging task, especially when dealing 
with complex structures such as the oil pan, where no analytical models exist. In this case 
numerical methods have to be used, such as the finite element method (FEM) and the 
boundary element method (BEM).  

From the acoustical point of view the oil pan can be treated as a thick-walled structure. 
This means the influence of the surrounding air on the structural vibrations can be neglected. 
Additionally it is assumed that the employed control uses only vibrational input signals, and 
consequently, the acoustical field can be decoupled from the smart oil pan and treated 
separately. Thus, the calculation of the acoustical field can be done in an independent BE 
simulation after the vibrational behavior of the smart oil pan has been simulated using a FE 
analysis.  

The first part the paper presents a method for computing the optimal actuator locations 
based on a FE model. Due to the application of FEM it is possible to model the irregular-
shaped geometry of the oil pan. An initial structural uncoupled FE model is aimed to 
indentify the most dominant mode shapes within a frequency range of 0-1200 Hz. Based on 
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these results the definition of the piezoelectric actuator positions is performed. A fully 
coupled electromechanical FE model is created by including the piezoelectric actuators. In a 
next step, a velocity feedback control algorithm is implemented into the electromechanical 
FE analysis to provide a closed loop model. The method is called velocity feedback because 
the output signals from a velocity sensor are multiplied by a constant gain and directly fed 
back to the surface-attached piezoelectric actuators [2]. The velocity feedback control 
algorithm combines high performance control with robustness against time variance of the 
operating parameters such as oil temperature and excitation frequency. 

The main purpose of the present paper is to evaluate the performance of the designed 
system. For that reason FE simulations of the actively controlled oil pan are carried out in the 
frequency domain. Additionally, the sound field radiated by the vibrating oil pan is computed 
using the BEM. The BEM offers computational advantages, because it requires a 
discretization of the boundary only. The BEM automatically fulfills the Sommerfeld 
radiation condition and does not produce reflections at the boundaries. For this reason the 
BEM allows the numerical prediction of sound pressure fields in exterior so-called 
unbounded domains. One drawback of the classical BEM is the fact that the resulting 
matrices are frequency dependent, fully populated and non-symmetric. 

The modeling of the oil pan, the piezoelectric actuators as well as the implementation of 
the controller is performed using the software package MATLAB. In order to verify the 
numerical modeling, experiments have been done, which show that the results of the 
computation are almost identical to those of the experiments. Furthermore, the experimental 
and the numerical results reveal that the structural vibration of the oil pan and the radiated 
sound pressure is reduced by means of velocity feedback control. 

 
 

FINITE ELEMENT ANALYSIS OF THE DOMINANT MODE SHAPES 
 
In order to design an active system to reduce the vibrations of the oil pan in a noise 

reducing manner, it is essential to indentify the most dominant mode shapes. This step is 
carried out by means of harmonic FE simulations using quadratic 10-node tetrahedral 
elements. The FE formulation for modeling the stationary behavior of the uncoupled oil pan 
can be written as 

                                        [ ] uuuu i fuKCM ~~2 =+Ω+Ω− ,                                  (1) 

where the vector u~  represents the complex amplitudes of the nodal structural displacements. 
The variable Ω  denotes the excitation frequency and i  is the imaginary unit. The matrices 

 and  are the structural mass and the structural stiffness matrix, respectively. For 
convenience, a Rayleigh damping is introduced into the system of equations (1) assuming 
that the damping matrix  is a linear combination of the matrices and . The external 

loads are stored in the mechanical load vector 

uM uK

uC uM uK

uf
~ . 

A harmonic analysis in combination with a point force excitation at the oil pan flange has 
been used to compute the dominant mode shapes. It is noted that the point force location was 
chosen in such a way that all eigenmodes in the frequency range up to 1200 Hz are excited. 
Figure 1 shows the frequency response function (FRF) between the structural displacement at 
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the center of the oil pan bottom and the excitation force at the flange. In addition, the mode 
shapes that are associated with the respective resonance frequencies are illustrated. 

 

 
Fig. 1: Computed FRF. 

 
In Figure 1, it can be seen that the first eigenmode is a pure torsional mode. The second, 

fourth and fifth modes are pure bending modes of the oil pan sides and the third and sixth 
modes are pure bending modes of the oil pan bottom. Under real operating conditions the 
bottom modes are the main contributor to the overall sound emission. Due to this fact, the 
present paper aims to control the bottom modes only.  

 
 

DEFINITION OF THE ACTUATOR POSITIONS AND MODELING 
 

The choice of suitable actuator positions depends on many factors, such as the employed 
control and the vibrational behavior of the structure. An often used method for the actuator 
placement is based on the assumption that an actuator is placed well when it is able to 
influence significantly the shape of the structural modes. This means that an actuator should 
be placed at positions on the surface of the structure, where the strains are the highest [3,4]. In 
case of the oil pan, the third and sixth eigenmode are considered. In order to obtain the modal 
strains of these modes, the linear eigenvalue problem 

                                               [ ] 0uKM =+− ˆ2
uuω ,                                       (2) 

needs to be solved first. The solutions of equation (2) are the angular eigenfrequencies jω  
and the corresponding eigenmodes of the nodal displacements  with jû 3=j  and . 6
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The modal displacements  are associated with the modal strains  by the relationship jû jε̂

                                                             jj uBε ˆˆ = ,                                                    (3) 

where  is the matrix that calculates the modal equivalent strains at the Gauss points using 
the von Mises equation. By means of a multiplicative superposition of the modal strains  
one obtains the superposed strain field 

B
jε̂

                                                       j
j

εε ˆˆ
6,3

max ∏
=

= .                                               (4) 

In contrast to an additive superposition, the multiplicative superposition makes sure that the 
actuators are not placed on node lines. A contour plot of the superposed strain field 

allows the definition of optimal actuator positions. maxε̂
 

                  
Fig. 2: Contour plot of the strain field and chosen actuator positions. 

 
Two actuator positions have been chosen according to the contour plot visible on the left-

hand side of Figure 2. On right-hand side of Figure 2 the  light gray areas mark the selected 
positions. 

An electromechanical FE model of the oil pan is obtained by integrating the piezoelectric 
actuators in equation (1). The actuators are modeled using 6-node multilayer triangular shell 
elements. Each Element has one additional degree of freedom ϕ  to model the electrical 
potential of the piezoelectric layer. Throughout the shell element it is assumed that the 
electric potential is constant and varies linearly through the thickness of the piezoelectric 
layer. 

As derived in [5] the FE formulation for modeling the stationary behavior of the oil pan 
and the surface-attached piezoelectric actuators can be written as 
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,                                        (5) 

where the vector φ~  represents the complex amplitudes of the electric potentials and the 
matrix  is the dielectric matrix. The piezoelectric coupling arises in the piezoelectric 

coupling matrix . The charge on the actuator is stored in the electric load vector 
ϕK

ϕuK ϕf
~

. It is 
important to notice that the vector u~  contains the nodal displacements of the triangular shell 
elements and of the tetrahedral elements. 
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MODELING OF CONTROL 
 

The design of a smart oil pan requires not only the simulation of the electromechanical 
system, but also the implementation of a suitable control algorithm. In the present study, the 
robust and widely used velocity feedback control is applied [2]. This means that the normal 
velocity  of a given point on the surface of the oil pan is amplified by a constant gain  
and directly fed back to the surface-attached piezoelectric actuators in terms of the voltage 

cu& cg

cϕ . With this voltage the piezoelectric actuators generate counteracting forces, which 
suppress the structural vibrations, and consequently, the resulting sound radiation. The 
control law of velocity feedback reads 

                                               ccc uig ~~ Ω=ϕ .                                                      (6) 

One important requirement for a successful feedback is the availability of appropriate 
feedback points. Based on the computed mode shapes, shown in Figure 1, one feedback point 
is chosen for each actuator. The chosen points are located close the corresponding actuators. 
The collocated design is important to guarantee control stability. 

Using a separate sensor for each actuator leads to a decentralized feedback control 
strategy with two independent local feedback loops. Thus, the control law (6) can be written 
in the vector-matrix notation 

                                               uPgφ ~~
cciΩ= ,                                                     (7) 

where the matrix  characterizes the position, where the feedback velocities are detected. cP
The influence of the controller can be considered in the numerical modeling by 

substituting the control law into the equation (5). Due to the substitution, an additional 
damping term occurs on the left-hand side of equation (5). A simplification of the equation 
can be obtained by deleting the rows, which are related to the electric degrees of freedom of 
the used piezoelectric actuators. The reduced system reads  

                               ( )[ ] uuccuuu i fuKPgKCM ~~2 =++Ω+Ω− ϕ .                         (8) 

The system of equations (8) describes the controlled behavior of the smart oil pan. The 
additional damping term in equation (8) points out that the velocity feedback control 
increases the viscous damping. 

In order to evaluate the performance of the designed system, test simulations are carried 
out and the results are compared with experimental data. For the comparison, uncontrolled 
and controlled FRFs are considered. More details concerning the experimental testing of the 
designed system can be found in [6]. 
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Fig. 3: Computed and measured FRFs of the uncontrolled oil pan. 

 

 
Fig. 4: Computed and measured FRFs of the controlled oil pan. 

 
In both Figures, it can be observed that the measured data and the numerical predictions 

agree very well. Additionally, the results in Figure 4 show that a significant damping at the 
dominating resonance frequencies is achieved, due to the implementation of velocity 
feedback control. The amplitudes are reduced by more than 24 dB at 636 Hz and by about 11 
dB at 1050 Hz. The structural response at other resonance peaks is uncontrollable with the 
applied actuators. Even a slight amplification can be seen at 810 Hz. 

 
 

BOUNDARY ELEMENT ANALYSIS OF THE SURROUNDING SOUND FIELD 
 
Generally, it is assumed that vibration control leads to a simultaneous reduction of sound 

radiation. However, it is also possible that the controlled vibrations cause a higher sound 
pressure in some places. For this reason, the resulting sound field plays an important role by 
evaluating the performance of the designed control. In the present work, the BEM is used to 
characterize the acoustic field of the smart oil pan. Due to this technique only the surface of 
the oil pan has to be discretized. Linear boundary elements with four nodes and two degrees 
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of freedom at each of the nodes are employed for the discretization. The direct BE matrix 
equation reads [7] 

                                                   ni GvHp Ω−= 0ρ ,                                                  (9) 

where  and G  are the influence matrices and the vectors p  and  are the nodal values of 
the acoustic pressure and the normal velocity. The influence matrices  and  are fully 
populated and have to be computed for each frequency 

H nv
H G

Ω . 
In order to perform a frequency response analysis, the structural displacements of the 

smart oil pan obtained from the spectral FE analysis have to be interpolated onto the grid 
points of the BE mesh and applied as boundary conditions. To be able to determine the sound 
pressure distribution, a considerable amount of field points is defined, which are located on a 
plane parallel to the oil pan bottom. After the acoustic pressure is calculated at all points, a 
contour plot allows to visualize its spatial distribution. In Figures 10 and 11 the computed 
sound pressure distribution of the uncontrolled and controlled oil pan are plotted, which 
occur when the flange is excited with a harmonic force of amplitude 1 N. The chosen plane is 
approximately 50 mm apart from the bottom surface. To test the noise reduction efficiency of 
the designed system and to verify the simulated data, near-field airborne noise measurements 
were carried out in a free-field room [5]. 
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Fig. 5: Sound pressure distribution of the uncontrolled oil pan. 
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Fig. 6: Sound pressure distribution of the controlled oil pan. 
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In both Figures it can be noticed that the simulation results correlate well with the 
experimental results. Furthermore from Figure 6 can be seen that due to the controller 
influence the sound pressure level is reduced by approximately 16 dB, which indicates the 
noise reduction potential of the designed system. 
 
 

CONCLUSIONS 
 
On the basis of FE and BE simulations a smart car oil pan is designed to reduce the 

structural vibrations in a sound reducing manner. For noise reduction, optimal locations of 
two piezoelectric actuators attached to the bottom surface have been studied. The FEM is 
applied to model the structural behavior of the oil pan as well as the surface-attached 
piezoelectric actuators. The BEM is used to describe the exterior sound field. A velocity 
feedback control algorithm is implemented into the numerical model to obtain an active 
damping effect. With velocity feedback control, attenuations of about 24 dB in vibration 
level and 16 dB in sound pressure level at the resonance frequencies of the most dominant 
modes of the smart oil pan have been achieved. In order to show that the designed system 
works also in reality experimental tests have been performed. A comparison between the 
experimental and numerical results shows a good agreement. 
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