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Abstract— This article presents a mechatronics modeling of a driver's seat 

suspension in order to exploit the vertical vibrations transmitted by the road to the 

profile of the driver's suspension to harvest an electric power. This paper aims to 

reduce the vehicle's power consumption due to long driving hours, so, the 

suspension of the vehicle seats must be extremely producer. The proposed mode will 

be first of all studied by a mechatronic methodology which is the bond graph 

modeling for a seat suspension model comprising a vehicle chassis suspension, a seat 

suspension and a body model. The variation of the conductor mass and the road 

profile are also taken into account in the proposed model. Finally, the simulation 

shows a large amount of power during the car's motion.  
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1. INTRODUCTION 

The piezoelectric beam is allowed to oscillate freely in response to vibration normal to 

the flat surface of the beam, in order to converter these vibrations to in-plane material 

strain. However, the car seat suspension has been commonly accepted in commercial 

vehicles for industrial of tire rolling resistance generated [1], agricultural and other 

transport purposes a lot of research [1-2-3] are focused to driver ride comfort, to reduce 

driver fatigue due to long hour driving or exposure to severe working environment such 

as rough road condition, so to improve the driver safety and health [3-4]. The study on 

reducing vertical vibration has been an active topic for decades [5]. But for us, it is 

interesting to use lost energy like vibrations and to recover the electrical energy. This 

study mainly focuses on passive seat suspension in order to optimize the driver's seat 

parameter such as the spring stiffness and the damping coefficient, this proposed model 

of seat suspension has provided a variable damping [6-7] force with less power 

consumption. 
This work focused on the road vibration on a vehicle, which could be harvested by a 

piezoelectric system in longitudinal and transvers directions [8], as well as around the 

vertical axis (yaw rotation) within the limits imposed by the physical laws and the 

surfaces interaction through model adherence. The transverse and yaw movement are 

very well harvested. In the vertical direction the movement of the vehicle follows the 

roadway, including all the movement, without any perturbation on the driver's seat. For 

comfort and a safety driving. To simulate this energy harvesting system, we have decided 

to adapt and widen existing models published in the literature [9-10] and modeling them 
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with the Bond Graph (BG) language [11-12]. While the traditional methods [13] like 

block diagrams [14] would give equivalent results than with the Bond Graph method, but 

in this case the BG method was chosen due to its unified language and graphical 

representation of power exchanges and causality relations. Furthermore, the BGe method 

is usually more agreeable and less complex than pure circuit models and block diagrams 

which consider only signal flows [15]. Moreover, the BG model gives us a possibility to 

simulate the power exchanges in the whole system. Because of its a strong approach it is 

especially suitable to optimize and forecast the whole power stored into the power storage 

circuit and restitution system. It has already proved its use in piezoelectric energy 

conversion modeling [16-17] and BG model for piezoelectric beam has been developed in 

a recent paper [15]. Consequently, this model could also deal the nonlinear phenomena 

[18]. Therefore, another advantage to use this method is that this multidisciplinary 

junction could be easily to adapted with nonlinear energy harvesters. In the literature, 

several overall car BG models less complex are done with the basic suspension 

components (wheels, suspension and chassis) and add device such as brake and steering 

[19-20] or transmission and engine [20]. Silva et al. presented an electric vehicle model 

[21-22] with integrated motors and electromechanical interaction (ABS, regenerative 

brake and so on) with the probability of variables evolution during risky situations [23-

24]. The mainly goal of this paper is to modelized a piezoelectric device to convert 

vibration mechanical energy to electrical energy, as a low power energy source. In the 

mechatronics field it is possible to use this principle for energy harvesting to supply 

electricity for wireless sensor and car accessory, and in some type of sensors. At the same 

time, they give the information about the system speed, it is possible to use the range of 

voltage generated for supplying the control the integrated application. The proposed 

method is to modeled the car’s seat suspension system using Bond Graph, which takes 

into account all system interactions to predict electrical power based on driver’s seat 

vibration on the condition of the c class road. The simulation is applied at a speed of 60 

km / h, we were able to harvest a power of 49 μW which is a source of electrical energy 

adapted to the environment. 

 

2. MODELING OF THE PIEZOELECTRIC INTEGRATED ON 

SEAT SUSPENSION 
 

2.1. INTEGRATED VEHICLE SEAT SUSPENSION MODEL 

It is supposed that in this paper only the vertical motion of vehicle is concerned, and 

we neglected both pitching and rolling motions. The integrated piezoelectric beam in the 

driver's seat is exposed to vibration is a sophisticated dynamic system whit complex 

mechanical property. We deduce the equation of motion of the model, without neglected 

the effect of the actuator dynamics this mode is assumed to be an ideal force generator the 

vertical motion of the system give us the motion equations for the quarter-car whit the 

complete seat suspension, and driver body are modeled with mass, spring and damper in 

the Bond Graph model. The piezoelectric materials used in the proposed system lead 

zirconated ate, undergo a structural phase transition as its temperature drops through the 

so-called Curie temperature. The dynamic motion equations are as follows: 

 

)+ +  

)+ +     (1 ) 

)+ +  
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The bond graph modeling of the tire forces requires special attention and care 

especially when along with the stationary behavior which has to be covered. In micro- 

and Nano positioning applications the typical comportment of PEAs concerned include 

hysteresis, creep, and vibration dynamics. Hysteresis is the nonlinear dependence of a 

system not only on its current input but also on its past input In PEAs, hysteresis exists in 

both the electric field (voltage)-polarization relationship and the strain (deformation or 

displacement) relationship caused by the nonlinearities in the converse piezoelectric 

effect [20]. According to the proposed model the relationship between the actuating force 

exerted on the PEA and the resulting displacement of the PEA is linear. In order to 

represent the piezoelectric cantilever beam conversion, we have chosen to improve the 

work done by Erturk et al. [21]. Even if the general equations of energy conversion use a 

distributed approach [20], thanks to the bond graph modeling we could solve the state 

equations easily. Regarding the excitation frequency range, it has been decided to operate 

with only the first piezoelectric cantilever beam resonance for practical purpose with the 

driver's body [22]. 

 

2.2. BOND GRAPH MODEL OF THE PIEZOELECTRIC INTEGRATED ON 

SEAT SUSPENSION 

We are based on the relationship between average strain and maximum deflection for 

homogeneous cantilevers with an applied point load in x = L, whereas the representation 

tool used here is the bond graph modeling method and its associated state equations.  

 

 

 

Fig. 1   The system bond graph modeling, and the Mason model for a Piezo electric’s 

The improved model is based on spring-mass-damper system decomposition for each 

mode, yielding a multiple degree of freedom system. Resonance frequencies are the most 

critical working points not only from the standpoint of comfort and safety but also for the 

design of the actuator power and force values. However, the use of the Bond graph 

modeling assures the mastery of the suspension resonance frequencies. The piezoelectric 

beam parameters for the analyzed case are deduced from the bond graph language. 

Simulation results of the harvesting power are presented in Fig. 5, 6. 

To achieve controller performing adequately for a wide range of road disturbances this 

model gives a good ride comfort and make the gain between the road disturbance input w 

and the control output z, which is modelized in the fig.3. Our proposed method is 

modeling the car seat suspension system using the Bond Graph which takes into account 

all the interactions of the systems to predict well the electric power according to the 

vibrations applied to the driver on a road with 40km / h speed the power is order of 

48Uw.In this work two electrically isolated piezoelectric elements were used, whether 
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independently or bridged for increased voltage (series configuration) or current output 

(parallel configuration). 

Set connection will double the open circuit voltage collect to a single element, and the 

effective capacitance will be 1/2 of the single capacitance.  
 

 

Fig. 2   Car Suspension and piezoelectric beam bond graph modeling 

The Bond Graph model, which can describe the relationship between the input and 

output, enable one to understand the behavior of the system, Figure 2 shows general 

principles of bond graph modeling. The purpose of this bond graph model in this paper is 

to obtain a state equation representation of the driver's seat suspension model. In this 

paper the suspension system is modeled as a nonlinear suspension system. The state 

variable can be represented as a vertical movement of the car body, chassis and a vertical 

movement of the wheels. In order to obtain linear model, roll and pitch angles are assume 

to be small. 

The option was to use the parallel connection in order to increase the power harvesting 

capability because the parallel connection will double the current compared to a single 

element configuration, and doubling the effective capacitance. However, the single 

element configuration was also tested and the results are presented as a reference for 

analyses facility. In wide band applications where both hysteresis and vibration dynamics 

are signified, the rate-independent hysteresis models need either to be combined with 

vibration dynamics models or to be modified into rate-dependent hysteresis models to re 

resent the behaviors of the PEA. To model both the major loops and the minor loops in 

the hysteresis of PEAs without concerning the influence of the rate of chance of the in-put, 

in other words, to model the rate-independent hysteresis of PEAs, both existing and 

newly developed rate independent hysteresis models have been adopted. The simplicity 

of the proposed solution presents an advantage in terms of internal power consumption. 

From equations given by the BG modeling, it can be derived the appropriate dimensions 

of the structure and its elastic and piezoelectric properties. 

It is recommended a small length and a large width and thickness. This bond graph 

modeling is sufficient for the simulation of driving, because the excitation frequencies are 

well below the eigenfrequencies of the road vibration. With this approach problems can't 

arise, when a large number of influencing variables have to be taken into account, 

because in this model a considerable characteristic curve must be saved and evaluated. 
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3. ENERGY HARVESTING WITH THE WHOLE SYSTEM: 

NUMERICAL SIMULATIONS 

Numerical simulations are conducted in this section to show the effectiveness of the 

proposed integrated seat suspension model and stockage strategy for reducing power 

consumption. The parameters used in the simulations, also the quarter-car suspension 

parameters have been optimized in terms of driver body acceleration. The fast estimation 

check implementation of the simplification, and obtaining a reduced model with physical 

reality makes this approach quite interesting in order to harvester more electric energy 

from the vibration. With the bond graph modeling we can have an overview the driver 

seat suspension system over the transient, harmonic responses using the random road 

profiles respectively Fig 3. 

 

 

 

 

 

 

 

 

 

Fig. 3   The input signals: Gauss white noise with zero mean value 

To study the efficiency of piezoelectric energy harvesting from the road vibrations we 

improve the driver's seat by integrated the piezoelectric beam system in the seat 

suspension. The vibration levels which are set in our analyze terms of RMS acceleration 

values that extend equal “fatigue-decreased proficiency.” In most situations, exceeding 

the specified exposure causes noticeable driver fatigue and may be a cause of a large 

number of automobile perturbation. 
This main objective is to reduce driver fatigue and replace conventional systems such 

as batteries, which are the power supply of cars, with autonomous systems generating 

energy from vibrations. The proposed solution is promising to harvested more and more 

power when the vehicle’s mass is bigger. This method ensures the quantity of energy 

necessary to electrically power the car's device during the motion without using the 

battery. 
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Fig. 4   The vehicle speeds 

In order to be able to assess the possibilities and limits of the proposed systems we 

have used this mechatronics techniques which has proven a great value. By means of a 

suitable reduction of the model, the computing time and interpretability of the results can 

be optimized. 

 

 

Fig. 5   The voltage output Variation with versus resistance load 

To ensure the reliability of the results we used two piezoelectric with different 

dimensions and similar connections, so, the results are presented in the Figures 4.5. 

The motions are with a maximum amplitude of 0.03 m, 0.06 m and 0.207 m, 

respectively. Accordingly, three relative displacements, with maximum amplitudes of 

0.042 m, 0.062 m, and 0.099 m, of the sprung mass and un-sprung mass excited by the 

random road transversal motions in Figures 4.5 are provided. we can notice that the 

harvested power is a growing function that is to say when the load of the car increases 

one has an increase of the power this is to mark for the two types of PZT chosen in our 
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case of simulations, figs 4.5 shown clearly this relationship between charges and power, 

then from these simulations we deduce that piezoelectric systems are the most common 

vibratory energy recovery systems to provide a permanent source of electrical energy. In 

this investigation, the aim was to reduce the electric power for a vehicle consumption and 

improve the dynamic performance factors indulging ride quality and road handling. 

Furthermore, a bond graph modeling has been developed including suspension design 

parameters and driving operational conditions. The piezoelectric beam is treated as a 

Bernoulli-Euler function, which is sufficient to capture vibration in the first few 

transverse bending modes, for which frequencies are not high enough. 

Despite the conflict between potential power and dynamic responses, even for the 

desired dynamic responses regions, there is a sufficient amount of suspension power loss 

that is worth to be harvested. 

 

 

Fig. 6   The power output Variation with versus resistance load 

The present contribution intends to characterize a piezoelectric device as a solution to 

increase the energy sustainability and performance of instrumentation systems with 

wireless communication capabilities. The determination of the reciprocal system and its 

associated matrix is simplified. The value for whole-body vibration is given in terms of a 

frequency-weighted acceleration, and so is applicable to vibration at frequencies from 1 

to 80 Hz. In these circumstances, the simulation of piezoelectric response to potentially 

life-threatening dynamic forces and accelerations are desired. They are also used in the 

development of vehicle seats and, in the case of hand arm models, of powered hand-held 

tools, the value of the energy is given in Figs 5, 6 in terms of the vehicle’s velocity in a 

range of 10 m/s to 35 m/s on a road of classes B, C, and D, is demonstrated.  Evaluation 

of the electric power for the vehicle seat suspension is based on the examination of the 

specific frequency domain and the suspension deflection between the cabin floor and seat 

frame. These simulations adopt the same geometry and material parameters with previous 

simulations. It is found in Figs. 4. 5 that the electric voltage linearly increases with an in-

crease in the velocity of vehicles. The observation is interpreted by the fact that the 

transversal motions and velocities of the road surface and the relative displacements and 

velocities of the sprung mass and un-sprung mass are all proportional to the square root 

of the velocity of vehicles. It is seen from these two figures that the magnitudes for the 

body accelerations are significantly increased. While adding the withe noise signal to the 

harmonic and random road profiles, time settlement of sprung driver’s seat acceleration is 

reduced by 67.70 %, 40% and electric power has increased by 45%, 80% over the road 

profiles class A. 
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These simulations confirm the effectiveness of the importance of using this solution to 

harvest electrical energy. In particular, the increasing acceleration indicates that the 

recovery of electrical energy is important to improve driving comfort. The results show 

that the electrical energy increases respectively from 19 W to 39 W, from 60 W to 159 W 

and from 280 W to 642 W, when the speed of the vehicle increases from 10 to 35 m / s. In 

this work, the results were obtained for an established frequency of 80Hz. We also 

confirmed that under these conditions, the voltage level and, consequently, the energy 

recovery were extremely high. The piezoelectric beam using in our system given us the 

energy recovering necessary to just see the dimensions suitable for the manufacture and 

the realization of such system then it is necessary to note that we defined the need in 

energy to consume by the sensors. 

 

4. CONCLUSION 

The main purpose of this article is to improve a piezoelectric system built into the car 

seat to measure and capture mechanical vibrations of equipment and road vibrations, as 

well as other sources and converter them to electric power. This study performed taking 

into account the power supply capabilities of the piezoelectric devices as a function of the 

amplitude and the frequency of the vibration, as well as the electrical characteristics of 

the charging circuit. The simulation show that the electrical energy increases respectively 

from 19 W to 39 W, from 60 W to 158 W and from 280 W to 642 W. The models for the 

piezoelectric system, chassis and suspension components could be improved due to the 

simulation condition and the time of testing experiments, in order to harvest the power 

quantity request for the vehicle accessory use. 

 

REFERENCES 

[1] Wei C, Olatunbosun OA, Behroozi M. Simulation of tyre rolling resistance generated on uneven road. 

Int J Veh Des 2016; 70(2):113e36. 

[2] Dimitrova Z,Marechal F. Gasoline hybrid pneumatic engine for efficient vehicle powertrain 

hybridization. Appl Energy 2015; 151(1):168e77. 

[3] Bellekom S, Benders R, Pelgrom S, Moll H. Electric cars and wind energy: two € problems, one 

solution? A study to combine wind energy and electric cars in2020 in The Netherlands. Energy 

2012;45(1):859e66. Fig. 6. Displacements and RMS of electric power on a road of class D based on a 

certain Gauss white noise. (a) Gauss white noise with zero mean value, (b) Transverse displacement of 

road surface, (c) Relative displacement of sprung mass and unsprung mass, and (d) RMS of electric 

power versus speed of vehicle. X.D. Xie, Q. Wang / Energy xxx (2015) 1e8 7  

[4] Peng M, Liu L, Jiang C. A review on the economic dispatch and risk management of the large-scale 

plug-in electric vehicles (PHEVs)-penetrated power systems. Renew Sustain Energ Rev 

2012;16(3):1508e15. 

[5] Smith WJ. Can EV (electric vehicles) address Ireland's CO2 emissions from transport? Energy 

2010;35(12):4514e21. 

[6] Zuo L, Scully B, Shestani J, Zhou Y. Design and characterization of an electromagnetic energy 

harvester for vehicle suspensions. Smart Mater Struct 2010;19:045003. 

[7] Satpute NV, Singh S, Sawant SM. Energy harvesting shock absorber with electromagnetic and fluid 

damping. Adv Mech Eng 2014;6:693592. 

[8] Fang ZG, Guo XX, Xu L, Zhang H. Experimental study of damping and energy regeneration 

characteristics of a hydraulic electromagnetic shock absorber. Adv Mech Eng 2013;5:943528.   

[9] Shi DH, Chen L, Wang RC, Jiang HB, Shen YJ. Design and experiment study of a semi active energy-

regenerative suspension system. Smart Mater Struct 2015;24:1e12. 

[10] Tang XD, Lin T, Zuo L. Design and optimization of a tubular linear electromagnetic vibration energy 

harvester. IEEE T Mech 2014;19:615e22. 

[11] Touairi S et al. “Mechatronic Control and Modeling of a Piezoelectric Actuator”. The Fifth Edition of 

the international conference on Wireless Technologies, embedded and intelligent Systems - WITS-

2019–Fes- MOROCCO. 03-04 April 2019.. IEEE Xplore, DOI: 10.1109/WITS.2019.8723668. 

[12] Touairi S et al. “Sliding-Mode Control of Piezoelectric Actuator using Bond Graph”. 2019 5th 

International Conference on Optimization and Applications (ICOA)-Kinitra-MOROCCO . 25-26 April 

2019. IEEE Xplore, DOI: 10.1109/ICOA.2019.8727686. 

[13]  Li ZJ, Zuo L, Luhrs G, Lin LJ, Qin YX. Electromagnetic energy-harvesting shock absorbers: design, 

modeling, and road tests. Trans Veh Technol 2013;62(3): 1065e74. 

https://doi.org/10.1109/WITS.2019.8723668
https://ieeexplore.ieee.org/xpl/conhome/8722824/proceeding
https://ieeexplore.ieee.org/xpl/conhome/8722824/proceeding
https://doi.org/10.1109/ICOA.2019.8727686


International Journal of Control and Automation 

Vol. 12, No. 10 (2019) 

 

 

Copyright © 2019 NADIA   31 

[14]  Priya S. Advances in energy harvesting using low profile piezoelectric transducers. J Electroceram 

2007;19:165e82. 

[15] Lee HS, Jang HS, Park JY, Jeong SS, Park TG, Chol SJ. Design of a piezoelectric energyharvesting 

shock absorber system for a vehicle. Integr Ferroelectr 2013;141:32e44. 

[16] Waleed AA, Matthias H, Tobias H, Walter S. Frequency tuning of piezoelectric energy harvesters by 

magnetic force. Smart Mater Struct 2012;21:035019. 

[17] Xie XD, Wang Q, Wu N. Potential of a piezoelectric energy harvester from sea waves. J Sound Vib 

2014;333:1421e9. 

[18]  Xie XD, Wang Q, Wu N. Energy harvesting from transverse ocean waves by a piezoelectric plate. Int J 

Eng Sci 2014;81:41e8. 

[19]  Xie XD, Wang Q, Wu N. A ring piezoelectric energy harvester excited by magnetic forces. Int J Eng 

Sci 2014;77:71e8. 

[20] Chen L, He CF. Simulation study of time-domain road roughness modeling based on simulink. Sci Tech 

Inf 2012:7367e70. 

[21] Taghavifar H, Mardani A. Energetic perspective of off-road vehicle mobility. Off-road vehicle 

dynamics. Springer International Publishing; 2017.p. 107e32. 

[22] Ataei M, Asadi E, Goodarzi A, Khajepour A, Khamesee MB. Multi-objective optimization of a hybrid 

electromagnetic suspension system for ride comfort, road holding and regenerated power. J Vib Control 

2015;26:1e12. 

[23] Abdullah MA, Jamil JF, Muhammad NS. Fabrication and testing of energy regenerative suspension. In: 

Proceedings of mechanical engineering research day; 2015. p. 19e20. 

[24] Xiao Han, Wang Xu, John Sabu. A dimensionless analysis of a 2DOF piezoelectric vibration energy 

harvester. Mech Syst Signal Process 2015;58e59: 355e75. 

 

 

 



International Journal of Control and Automation 

Vol. 12, No. 10 (2019) 

 

 

32  Copyright © 2019 NADIA 

 


