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Abstract. This paper aims to evaluate the voltage and the electrical power harvested from the car 

suspension system under bump excitation using a piezoelectric stack. For this purpose, a quarter 

car system equipped with a piezoelectric stack installed parallel to the suspension's damper is 

modelled and investigated in temporal domain using MATLAB/Simulink. The studied system is 

excited, considering different bump amplitudes to evaluate the harvested voltage and power at 

different speeds. The effect of the suspension's damping coefficient on the harvested voltage and 

power is also studied and quantified.

1 Introduction 

Renewable energy comes from natural resources that 

can be replenished in less than one person's lifetime 

without consuming the earth's resources. Different types 

of renewable energy can replace traditional fossil fuels 

harmful to the environment and public health [1,2]. 

Today, the world continues to rely heavily on fossil fuels 

and even subsidises them. Meanwhile, the pollution they 

produce has reached unprecedented levels, ranging from 

climate-altering greenhouse gases to health-threatening 

particulates. Furthermore, clean energy could be 

achieved when something goes wrong by scavenging 

the waste energy from the ambient environment and 

converting it into valuable energy. In the automobile 

sector, one significant energy loss is the dissipation of 

vibrations’ energy by vehicles suspensions shock 

absorbers due to road irregularity. Research into energy 

recovery from vehicle suspensions began more than a 

decade ago as an auxiliary energy source for active 

suspension and regeneration devices [3,4]. 

The main methods of implementing an energy 

harvesting system are to use the strain energy from 

various mechanical vibrations to generate electrical 

energy, such as attaching multiple piezoelectric 

harvesters [5–8], electromagnetic sensors [9–11], 

electrostatic transducers [12], linear electromagnetic 

shock absorbers, MR electromagnetic regenerative 

dampers, hydraulic, rack-pinion, ball-screw, and 

cable/pullies [13–16]. However, the piezoelectric sensor 

is widely used due to its simplicity, wide frequency 

range, electromechanical coupling, and high power 

density [17-20]. The energy harvesting system generates 

electricity due to spring compressions and stresses as the 

car travels. Each piezoelectric element is coupled to a 

rectifier for converting the AC output voltage to DC 

voltage. 

The harvested voltage is used to power several devices 

in the vehicle or store it in a battery or a capacitor. The 

resulting electrical charge is proportional to the level of 

stress σ, or strain S applied to the springs. Thus, the more 
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strain subjected to the harvester will generate more 

electrical charge. 

Several researchers have discussed the possibility of 

installing piezoelectric harvesters in cars’ suspension 

system. Most studies focused on evaluating the energy 

dissipated from the car's suspension system, not the 

energy harvesting [17]. In this context, Wang et al. [21] 

modelled the energy harvesting system as a quarter car 

model with a piezoelectric element attached in parallel 

with the spring of the suspension system. It was found 

that the system is able to generate a theoretical power of 

up to 2.84 W when subjected to 1g sine wave 

acceleration. Smith and Wang [19] conducted a 

comparative study on a simple passive suspension strut 

containing one damper and one idler. Natsiavas and 

Papadimitriou [20] proposed optimizing a nonlinear 

quarter car model's suspension damping and stiffness 

parameters under random road excitation. 

During daily traffic, automobiles overcome different 

types of road irregularities. These can be random or built 

for a specific purpose [22]. It is necessary to study 

several parameters to predict the vehicle's behavior 

when it overcomes speed bumps. The main variables to 

be analyzed are, on the one hand, the dimensions and 

geometry of the speed bump and, on the other hand, the 

speed and vehicle suspension properties.  

In their study, Namee and Witchayangkoon [23] 

considered a bump with dimensions of 76-150 mm in 

height and 0.3-0.9 m in length with crossing speeds of 8 

km/h or less.  

Akanmu et al. [24] pointed out that the design and 

construction of the bump should be the government's 

responsibility. They suggested redesigning the existing 

speed bumps with a height of more than 210 mm. They 

recorded the speed bump in the study area up to 250 mm 

in height and 0.3 to 0.9 m in length. To analyze the 

impact of road bumps on vehicle components and 

occupants, Pozuelo et al. [25] used MATLAB software 

to develop a simulation program considering vehicle 

dynamics, bump geometry, and vehicle speed. They 

provided possible information and established a set of 
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guidelines for the proper design and installation of road 

bumps. In the same context, Hassaan [27] used a quarter 

car model with the passive suspension to study the car's 

dynamics when crossing a speed bump. The study's 

conditions were: crossing speed from 5 to 30 km/h, 

bump height from 60 to 120 mm, and bump length from 

3 to 9 m. The author established a helpful ride comfort 

chart, i.e., a simple harmonic bump design to achieve 

any desired crossing speed between 5 and 30 km/h.  

The novelty of this paper is to harvest energy from cars’ 

suspension systems in the presence of speed bumps with 

different dimensions. The electrical voltage and power 

harvested using a piezoelectric stack are evaluated by a 

theoretical quarter car model implemented in 

MATLAB/Simulink. This work is organized as follows: 

the section 1 describes the geometric characteristics of 

speed bumps in Morocco. Section 2 models the vehicle 

dynamics considering a quarter car suspension system 

equipped with a piezoelectric vibration energy harvester 

submitted to bump excitation displacement. In section 3, 

we analyze and discuss the obtained results, i.e., the 

harvested voltage and power. Conclusions are then 

presented in section 4. 

2 MATHEMATICAL MODELS 

2.1 Speed Bumps 

Speed Bumps are in use to calm traffics through 

speed reduction. However, going down in Bump length 

to less than one meter makes the issue quite differently. 

Their design is theoretically subject to well-defined 

regulatory standards to protect users. Nevertheless, the 

reality is marked by the non-compliance of the speed 

bumps with the standards in force, both technically and 

conceptually.  

This study deals not with ride comfort but with energy 

recovery issues from a suspension system when crossing 

a bump. A quarter-car model dynamics is studied during 

crossing such bumps trying to point out its severe effects 

if the crossing speed increases more than 5 km/h with 

energy harvesting. 

2.1.1 Bump modeling 

As shown in Fig.1, the entry of the studied car model 

is a slight speed bump as an obstacle to the uniform 

movement of the vehicle in order to force the driver to 

slow down its speed to avoid car damage and accidents. 

In this case, the bump profile excites the dynamics of the 

vehicle's components, and the vertical motion Y of the 

slower depends on the type of bump, i.e., circular type 

with a height (a) and a length (L) is taken into account.  

 

    
                                                 (a) 

 

(b) 

Fig. 1. Circular Bump: (a) a bump schematic, (b) a natural 

bump. 

The equation of bump in the time domain depends on its 

length (L), height (a), and car speed (v). It can be defined 

as follows: 

    

                     � = � ���( � ⋅ 
)  for  0 ≤ t ≤ T      (1)                      

 

where, Y is the bump’s vertical displacement in time t 

from the starting point of the bump, Ω is the bump’s 

angular frequency assuming it as a harmonic movement 

(half a cycle), and T denotes the time taken by the car to 

pass the bump which can be calculated as a follow: 

                                     � = �     (2)    
 

The period (τ) and the angular frequency (ω) of the 

sinusoid wave are given by the following relations:  
 � = 2� = 2�/�    (3)     and       � = ���     (4) 

                                                                                 

The profile's height must be maintained at each point of 

the section of the roadway, which means that the speed 

bump must fit the profile across the roadway. In this 

study, the longitudinal profile of the speed bump is 

circular and has the following dimensions [36]: 

 

• height: [0.10 m - 0.40 m] ; 

• length: 4 m ± 0.20 m (construction tolerance); 

 

Equations 1 and 3 are used to draw the bump profile for 

the circular and simple harmonic bump.  The results are 

given in Fig. 2 for different heights (100 mm, 200 mm, 

300 mm, and 400 mm) and a length (L) of 4 m. 
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Fig. 2. Road profile of a speed bump for different amplitudes 

(a) at a speed of 10 km/h.  

2.2 Quarter car model with piezoelectric 
vibration energy harvester 

In this section a quarter car suspension model 

equipped with a piezoelectric stack in parallel with the 

suspension’s spring is developed (Fig. 3).  

 
 

Fig. 3. Quarter car suspension model equipped with a 

piezoelectric stack [22]. 

 

The parameters of the quarter vehicle suspension 

model are: the bump excitation displacement (y), the 

unsprung mass or the mass of wheel and tyre of a quarter 

vehicle (m1), the sprung mass or  aquarter vehicle's mass 

(m2), the wheel-tyre stiffness (k1), the suspension spring 

stiffness (k2), the wheel-tyre damping coefficient (c1), 

the suspension damping coefficient (c2), the 

displacement of the unsprung mass (x1); the 

displacement of the sprung mass (x2), and the voltage 

generated by the piezoelectric material V. The main 

parameters’ values are summarized in table 1. 

 

 

 

Table 1. Parameters of the quarter car suspension model with 

piezoelectric harvester [22]: 

Parameters Description Value 

k1 (kN/m) Tire stiffness 135 

c1 (kNs/m) Tire damping 
coefficient 

1.4 

m1 (kg) Un-sprung 
mass 

49.8 

k2 (kN/m) Spring 
stiffness 

5.7 

c2 (kNs/m) Damping 
coefficient 

1 

m2 (kg) Sprung mass 466.5 

C (F) Piezoelectric 
clamped 

capacitance  

1.89*10-8 

R (Ω) Electrical 
resistance 

30455.3 

α (N/V) Force factor 1.52*10-3 

 

For the piezoelectric element, the relationship 

between electrical and mechanical variables is derived 

as follows [29]: 

                        �� = ����(
) + ���(
)     (5) 
 

where, Kp is the rigidity of the piezoelectric stack, Yp is 

the relative displacement between the sprung and 

unsprung masses, and α is the force factor. The  

piezoelectric parameters are defined as follow: 

                             

�� = ����� �    (6)  
 

� =  "## �� �    (7)  
                                                           

�� = %##�� �     (8)  
                                                           

where Ap and L denote the sections and the thickness of 

the piezoelectric stack, the total length of the stack is 

defined by the following relation [29]: 

                               � = 'ℎ�    (9) 
 

The electrical relation governing the energy harvesting 

can be presented by [29]: 

 ��* =  ��+�(
) − ��+�(
)     (10) 
 

where Yp is the relative displacement, α is the force 

factor, Vp  is the piezoelectric output voltage, R is the 

external resistor, and C is the piezoelectric capacitance. 

The equations of time motion governing the quarter car 

model illustrated in Fig. 3 can be surmised as follows: 

The following relation gives the equation of the vertical 

motion of the unsprung mass: 
 /0120 = �� + 34514(
) − 10(
)6 + 7451+4(
) − 1+0(
)6− 30510(
) − 8(
)6− 7051+0(
) − 8+ (
)6        (11) 
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Applying Laplace transformation, the relations (12), 

(13) and (14) are easily obtained: 

 /010�4 = �� + 34514 − 106 + 74�514 − 106 − 30514 − 86− 70�510 − 86        (12) 
 105/0�4 + �(70 + 74) + (30 + 34)6= �� + 14534 + 74�6 + 8570� + 306         (13) 
 10 = �5/0�4 + �(70 + 74) + (30 + 34)6 �

+ 534 + 74�65/0�4 + �(70 + 74) + (30 + 34)6 14
+ 570� + 3065/0�4 + �(70 + 74) + (30 + 34)6 8       (14) 

 

The vertical displacement of the unsprung mass can be 

written as: 10 =  �0� + �414 + �#8                        (15) 

Where: �0 = �5/0�4 + �(70 + 74) + (30 + 34)6       (16) 
 

�4 = 534 + 74�65/0�4 + �(70 + 74) + (30 + 34)6       (17) 
     

�# = 570� + 3065/0�4 + �(70 + 74) + (30 + 34)6       (18) 
    
The equation of vertical motion of the quarter sprung 

mass is given by the relation: 

 /4124(
) = −34514(
) − 10(
)6 − 7451+4(
) − 1+0(
)6 − ��      (19) 
 
Applying Laplace transformation, the relations (20), 

(21) and (22) are easily obtained: 

 /414�4 = −34514 − 106 − 74�514 − 106 − ��              (20) 
145/4�4 + 74� + 346 = 10534 + 74�6 − ��                    (21)  
14 = 534 + 74�65/4�4 + 74� + 346 10 − �5/4�4 + 74� + 346 �      (22) 
  
The sprung mass's vertical displacement can be written 

as:           14 =  �#10 − �;�       (23) 
where: 

 

�# = 534 + 74�65/4�4 + 74� + 346        (24) 
�; = �5/4�4 + 74� + 346       (25) 
 

The equations that govern for the equivalent electrical 

system as derived in equation (10) can be modified and 

written separately in Laplace transformation as: 

The harvested voltage is:  
 � = �*<1+4(
) − 1+0(
)= − �>*�+             (26) 

 
Applying Laplace transformation, the following 

relations are obtained:  
 (�>*� + 1)� = �*14� − �*10�              (27) 

� = �*�(�>*� + 1) 14 − �*�(�>*� + 1) 1         (28) � = �? x4 − �? x0        (29) 
The transfer function equations between the oscillator 

displacement and the excitation displacement (bump speed) 

are derived from equations. (11), (19), and (29) as follow:  

                                      ABCD = EFEGBHD = EIEJ
    (30) 

   Where: 

�K = (30 + 70�)5(34 + 74� + /4�4)(1 + *�>�) + �4*�6                      (31) 
�L = (/0�4 + 70� + 30)5(/4�4 + 74� + 34)(1 + *�>�) + �4*�6+ 5(34 + 74�)(1 + *�>�) + �4*�6/4�4          (32)                                                 
�M = (30 + 70�)5(34 + 74�)(1 + *�>�) + �4*�6                                 (33) 
�N = (/0�4 + 70� + 30)5(/4�4 + 74� + 34)(1 + *�>�) + �4*�6+ 5(34 + 74�)(1 + *�>�) + �4*�6/4�4          (34) 

                                                

Therefore, the transfer function equation between the output 

voltage and excitation displacement bump speed is given by 

the relations (35) and (36):  �8 = �14 − 10
14 − 108         (35) 

 �8 =  �0>�00                               (36) 

   Where:   �0> = −/4�#(30 + 70�)�*                                                               (37) 
 �00 = (/0�4 + 70� + 30)5(/4�4 + 74� + 34)(1 + *�>�) + �4*�6+ 5(34 + 74�)(1 + *�>�)+ �4*�6/4�4                                                (38) 
As a result, the output voltage subjected to a bump 

excitation is given by: � = �04�0# 8       (39) 

Where: �04 = −/4�#(30 + 70�)�*                                                          (40) 

 �0# = (/0�4 + 70� + 30)5(/4�4 + 74� + 34)(1 + *�>�) + �4*�6+ 5(34 + 74�)(1 + *�>�) + �4*�6/4�4  (41) 

 

Finally, the electrical power can be obtained using the 

relation:                                    

O = �4*         (42) 

In order to verify the output voltage and power 

calculated using the above temporal response analysis, 

Matlab Simulink is applied to conduct a time-domain 

simulation. The simulation scheme utilized to 

investigate the performance of the harvesting system is 

shown in Fig. 4. 

 
Fig. 4. Utilized Simulink scheme to evaluate the output 

voltage and harvested power. 
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The quarter-car model is two degrees of freedom (2-

DOF) system, which means that it has two natural 

frequencies that may be determined from the 

displacement amplitude values of each subsystem with 

the displacement amplitude of the input road (speed 

bump). The equation (30) is utilized to determine the 

system’s resonance frequencies. As expected, two 

resonance frequencies are obtained 0.51 Hz and 6.83 Hz 

(Fig. 5). 

 
Fig. 5. Displacement amplitude ratios are relative to m1 and 

m2 with respect to the input displacement amplitude. 

 

To evaluate the effect of the load resistance on the 

harvested voltage, it is assumed that the electrical 

resistance changes from 0 to 107 Ω and the other 

parameters are constants. The output voltage calculated 

by the analysis method is shown in Fig 6. After analysis 

it is found that the optimal electrical resistance’s value 

is about 6*107 ohm . 

 
Fig. 6: Variation of the output voltage with the electric load 

resistance. 

3 RESULTS AND DISCUSSION 

In order to verify the performance of the harvesting 

system in the time-domain, the output voltage and 

power are computed using Matlab Simulink. In the 

simulation scheme, input data is represented by a 

sinusoidal cycle function with a first half-sine cycle of 

100 mm to 400 mm amplitude and 4 m width (Fig.4). 

The harvested power is calculated considering the 

voltage square divided by the load resistance. The 

predicted output voltage and harvested power in the 

time-domain are displayed using Matlab scop modules. 

Simulation results are shown in figures 7 to 12. 

3.1 Harvested voltage and power for different 
suspension damping coefficients and car 
speeds  

The effects of the suspension damping c2 and vehicle 

speed on the harvested electrical voltage and power are 

first investigated. The harvested electrical voltage and 

power obtained from the quarter car suspension model 

as generated by MATLAB Simulink are shown in 

figures 7, 8, and 9, for different damping coefficients 1, 

5, 10, and 15 kNs/m and for different bump passing 

speeds 10, 20 and 30 km/h. The other suspension system 

parameters are considered constants. 

            
                                                     (a)

 
                                                (b) 

Fig. 7. Harvested voltage and power for different damping 

coefficients at a speed of 10 km/h: (a) electrical voltage and 

(b) electrical power.  

 
                                                   (a) 
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                                                    (b) 

Fig. 8. Harvested voltage and power for different damping 

coefficients at a speed of 20 km/h: (a) electrical voltage and 

(b) electrical power.  

 
                                                         (a) 

                                               
                                                 (b) 

 

Fig. 9. Harvested voltage and power for different damping 

coefficients at a speed of 30 km/h: (a) electrical voltage and 

(b) electrical power. 
 

It can be observed from the simulation results that for a 

given car speed value, e.g. 10 km/h increasing the 

suspension damping coefficient from 1 to 15 kNs/m 

decrease the obtained electrical voltage and power. It 

can be also seen that the voltage and power values 

increase with the augmentation of car speed for all 

suspension damping coefficient. The simulated 

maximum output voltage and power values are 129.52 

V and 0.574 W respectively. These values are obtained 

for suspension damping of 1 kNs/m and car speed value 

of 30 km/h. 

3.2 Harvested voltage and power for different 
bump speed amplitudes 

The effect of bump speed amplitude (a) on the harvested 

electrical voltage and power is also studied in this 

section. The harvested electrical voltage and power 

obtained from the quarter car suspension model are 

shown in figures 10, 11, and 12 for different bump 

amplitudes of 0.1, 0.2, 0.3, and 0.4 and at different car 

speeds of 10, 20, and 30 km/h. The other suspension 

system parameters are considered constants.  

 
                                                   (a) 

 
                                             (b) 

Fig. 10. Harvested voltage and power for different bump 

amplitudes at a speed of 10 km/h: (a) electrical voltage and (b) 

electrical power.  

     
                                                     (a) 

 
                                               (b)  

Fig. 11. Harvested voltage and power for different bump 

amplitudes at a speed of 20 km/h: (a) electrical voltage and (b) 

electrical power. 
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 (a)  

 
(b) 

Fig. 12. Harvested voltage and power for different bump 

amplitudes at a speed of 30 km/h: (a) electrical voltage and (b) 

electrical power. 
 

According to the obtained results, it is clear that 

increasing bump amplitude (a) improves the quantity of 

harvested electrical voltage and power. The simulated 

results also indicate that the maximum voltage and 

power are registered at a speed of 30 km/h for a damping 

coefficient of 1 kNs/m and bump speed amplitude of 0.4. 

For this amplitude, the maximum harvested electrical 

voltage and power increase with car speed, e.g. at 30 

km/h, the obtained voltage and power are 129.52 V and 

0.574 W respectively. Finally, it can be concluded from 

the results that the energy harvesting depends on the car 

speed, the damping coefficient, and also the bump speed 

amplitude. 

In comparison with the literature, D. Al-Yafeai et al. 

found that the electrical voltage and power collected on 

a C class road using quarter car model can be increased 

from 1.46 V to 2.3 V and from 0.21 mW to 0.53 mW 

respectively, when the speed is increased from 40 km/h 

to 100 km/h [30] Moreover, Xiao et al. proposed a 

dimensionless method to predict the harvested electrical 

voltage and power for a 2DOF vibration energy 

harvesting system [22]. In this study a quarter car 

suspension model equipped with a piezoelectric material 

was investigated considering a sine wave acceleration 

excitation of 1g amplitude. The predicted voltage and 

power RMS values were 194.14 V and 1.23 W 

respectively. 

In comparison with the previous works, we obtained a 

maximum voltage and power of 129.52 V and 0.574 W 

respectively, when passing a circular Bump with height 

of 0.4 at a car speed of 30 km/h. 

 

 

4 Conclusion 

This paper investigates and quantifies the electrical 

voltage and power harvested from a car suspension 

system using a piezoelectric stack. The quarter car 

model is implemented in Matlab Simulink to examine 

the system's behavior in the time-domain and evaluate 

the harvested electrical voltage and power when passing 

a circular bump speed. To study the effect the 

suspension's damping coefficient on energy harvesting, 

its value is varied from 1 to 15 kNs/m. Also, the car is 

excited under input bump with different heights (100 

mm to 400 mm) to observe its effect on the harvested 

voltage and power. It is found that the maximum voltage 

and power (129.52 V and 0.574 W) are obtained when 

passing a circular bump having a height a = 0.4 at a 

speed of 30 km/h. The effect of the other suspension 

parameters and other bump geometries on energy 

harvesting will also be investigated in future works. 
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