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 

Abstract- This paper presents an innovative design of an energy 

harvesting shock absorber using cable transmission called Cable-

Dynamics Energy Harvesting Shock Absorber (CD-EHSA). It 

includes the design, modelling, bench experiments, and road tests 

results. Experimental tests are carried out with the CD-EHSA 

system in a MTS 835 machine, in order to analyze its behavior 

and validate the computational model of the CD-EHSA with the 

tests carried out on the actual component. Likewise, the paper 

presents the results of recovered electric power by the system 

during road tests at a speed between 20-30 Km/h. With four CD-

EHSA installed in a Renault Twizy, an average power of 105W 

and power peaks of 400-500W when passing through speed 

bumps are obtained. The designed system mechanical can reach 

an efficiency around 60%. 

 

Keywords: Energy Harvesting, vehicle suspension, Multi-

Objective Optimization Techniques, Simscape, Electromagnetic 

actuator. 

I. INTRODUCTION 

With the proliferation of electric and hybrid cars, in recent 

decades new lines of research have been opened for 

technologies used in the recovery of thermal and mechanical 

energy in automobiles [1]. An example of the type of 

technology that can be found on the market today is the Kinetic 

Recovery System (KERS). Its operation consists of recovering 

the kinematic energy and as a consequence reduces the demand 

on friction brakes. 

But there are other sources of wasted mechanical energy in the 

car which have the potential to be recovered. For example F. 

Khameneifar et al. [2] devised a support on which the engine 

sits not only able to absorb vibrations, but also recovers part of 

the energy using piezoelectric materials. Another example is 

described by J. Lee et al. [3] who uses piezoelectric materials 

to recover energy from deformations of the wheels. In spite of 

previous examples though, one of the greatest sources of 

vibration energy is the vehicle suspension. 

 

The Energy Harvesting Shock Absorber (EHSA), a device 

which replaces the typical damper and is able to add damping 

and recover energy at the same time, has been studied by 

various authors. Different technologies have been used for 

EHSAs, those that work with piezoelectric materials, such as 

those proposed by X.D. Xie y/o W. Zhang et al. [4][5], as well 
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as those that operate by electromagnetic principles. M. 

Abdelkareem et al. [6] resumed very well all this kind of 

technology that have been presenting in the last ten years. 

The electromagnetic EHSA can be classified in two groups:  

the linear EHSA and the rotational EHSA, or as other authors 

called: the direct-drive and the indirect-drive. 

The linear ones or direct-drive are those that use the same 

relative translation displacement of the conventional dampers 

to create a variable magnetic field that allows to induce an 

electric current, this is the case of E. Asadi and/or X. Tang et 

al [7][8]. The first one focused on the damping coefficient that 

could provide his EHSA, giving a range between 1302-1540 

Ns/m. The second not only focused on the damping coefficient, 

but also in the power density generated, giving 3.8 time more 

compared with L. Zuo design et al. [9]. 

 

The rotational or indirect-drive are those which introduce some 

mechanism to convert translation into rotation and thus are able 

to use a current rotary generator. The literature offers many 

examples of rotational EHSA and they have become more 

popular due to its easy design and construction. Several 

systems can convert translation into rotation. 

 

First, we have the ball-screw transmission used by G. Zhang et 

al. [10], he proposed not only an energy-regenerative 

suspension, but also an active controllers to adequate the 

damping force. B. Hong et al. [11] also developed a vehicle 

suspension system with energy harvesting capability using this 

kind of transmission, he carried out an analytical methodology 

for the optimal design. On the other hand, W. Salman et al. [12] 

didn’t employ the ball-screw transmission exactly, but instead 

used a helical gears to increase the efficiency of the system.  

 

Then, we have the rack-pinion system. Many prototypes have 

been developed using this kind of transmission. One example, 

is the system developed by Z. Li et al. [13], they presented 

some road test in which they mentioned that when the vehicle 

is driven 48 km/h an average power of 19 W are obtained. 

Later, Z. Li. et al. [14] presented the same prototype, but in this 

case adding the component called Mechanical Motion Rectifier 

(MMR). S. Guo et al. [15] compare both system, with and 

without MMR, taking in consideration ride comfort and road 

handling. Z. Zhang et al. [16] added to the MMR system 

supercapacitors in order to extend the battery endurance of an 

EV. 
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The Hydraulic transmission is based on the kinetic energy that 

a fluid acquires when moved by a difference of pressure inside 

a closed system. Avadhany et al. [17] presented one of the first 

Hydraulic-EHSA, named Genshock. In his work, he studied 

the electric generation through rotary valves and a turbine. He 

obtained between 400-1200 W of power with a lineal velocity 

of 0.762m/s. One of his conclusions was that the selection of 

the fluid is a key factor in the effective transmission of power 

from the fluid pressure flow into the rotational motion of a 

hydraulic motor. Another study presenting this type of 

technology was proposed by Yuxin Zhang et al [18]. They 

designed a Hydraulic-EHSA and obtained a power output of 

33.4W, with an excitation frequency of 1.67 Hz and an 

amplitude of 50 mm. J Zou et al. [19] went one step further and 

included a hydraulic rectifier as the MMR. His prototype was 

used by M. Abdelkareem et al. [20] to estimate the amount of 

potential and wasted energy in vehicle suspension system for 

different types of cars (passenger, bus, truck and off-road 

vehicle). 

 

Finally, there are other more exotics transmission as can be the 

“Linkage mechanism” et al. [21], “Two-Leg motion” et al.[22] 

or using flywheel drive presented by R. Zhang et al.[23].  

 

The objective of the EHSA is not only to recover energy due 

to oscillations in the suspension, but primarily to guarantee 

comfort for the passengers, ride handling, i.e. an adequate 

damping. Two of the main problems of the rotational EHSA 

presented so far are, first of all, the inertias of their moving 

parts, which taking into account their translation equivalences 

can be between 60-120 Kg for each shock absorber. These 

equivalent masses influence the natural frequencies and the 

dynamic behavior of the suspension. And secondly the 

backlash produced in most mechanisms when a change of 

direction occurs in the transmission. 

 

In this work an innovative design of a rotational EHSA is 

presented in which the inertias of its moving parts and the 

phenomenon of backlash are diminished comparing to other 

prototypes seen from the literature. 

To achieve this, it has been decided to use a cable transmission 

to convert the translation movement into rotation. This type of 

transmission has been used previously for robotic and/or in 

biomedical mechanisms [24]. The cable transmissions offers 

several advantages such as high stiffness, high strength, low 

friction; they do not leak, do not require surface lubrication and 

have lightness properties. Two threaded pulleys are used to 

house the cable, thus ensuring the position of the cable at all 

times, making it possible to reduce non-linearities, as reported 

by J. Savall et al. [25] [24]. This prototype has been called 

Cable Dynamics Energy Harvesting Shock Absorber (CD-

EHSA). Another contribution of this work is the study of the 

cable transmission performance in suspension dynamics. 

 

This paper is structured as follows. In section II the design is 

introduced and the operation of the CD-EHSA is described. 

Section III presents the dynamic model with its respective 

analysis and its mathematical equations. In section IV the 

results of the experimental tests are outlined and the behavior 

of the system is analyzed. Section V shows the potential of this 

type of system for energy recovery using data from a real car. 

The conclusions together with future lines of research are 

indicated in section VI. 

Nomenclature 

𝑝 Pitch of the pulleys. 𝜇 friction coefficient between the pulley and 
the cable. 

𝑑𝑒 Distance between the axes of the pulleys. 𝐽𝑚 Inertia of the motor. 

𝑟𝑝 Radius of the pulleys. 𝐽𝑚𝑢 Inertia of the multiplier. 

𝜃𝑠2 Total mooring angle of the Generator 
Pulley. 

𝐽𝑝𝑡2 Inertia of the second pulley transmission. 

𝜃𝑠1 Total mooring angle of the Driven Pulley. 𝐽𝑝𝑡1 Inertia of the first pulley transmission. 

𝑏 Horizontal separation of the cable ties to 
the mobile skate. 

𝐽𝑝𝑔 Inertia of the generator pulley. 

𝑇𝑝 Cable pretensión. 𝑘𝑝𝑡 Pulley transmission ratio. 

𝑅𝑖 Resistance of the generator. 𝑘𝑚𝑢 Multiplier ratio. 

𝐿𝑖  Inductance of the generator. 𝑅𝑝𝑔 Generator pulley radius. 

𝑟𝑐 Radius from section of the cable. 𝐾𝑟𝑒 Voltage constant. 

𝐸 Elastic modulus Steel. 𝐾𝑡 Torque constant. 

𝑘𝑐 Cable stiffness coefficient. 𝑐𝑐 Cable damping coefficient. 
𝜔 Excitation frequency. 𝐹𝑐  Coulomb friction 

𝐹𝑏𝑟𝑘 Stribeck friction 𝐹𝑣  Viscous friction 

𝑉𝑔 Generator voltage 𝑅𝑒 External electric load 
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η
𝑔
𝑒  Experimental mechanical efficiency η

𝑔
 Theoretical mechanical efficiency 

II. DESIGN AND CONCEPT  

The CD-EHSA design presented in Figure 1 is an energy 

recovery damper which works by cable transmission. 

 
Figure 1. Cad model of the Cable-Dynamics Energy 

Harvesting Shock Absorber. 

The translation movement found in the suspension is 

transferred by means of a piston (1) to a mobile skate resting 

on linear guides (2). The skate has two tensioners (3) that pull 

the cable according to the movement. The cable is wound in 

two threaded pulleys located at its ends: one pulley (Driven 

Pulley (4)) has free rotation and the other pulley (Generator 

Pulley (5)) is coupled to a larger diameter pulley (6). The 

pulley of greater diameter transmits the movement by means 

of a band to a smaller pulley (7), in this case the rotational 

speed is doubled. This last pulley is coupled to a multiplier (8), 

which in turn is connected to an electric generator (9).  

 

In order to avoid non-linearities in the transmission of the 

cable, the cable length must always remain constant along the 

entire travel of the mobile skate. In this way undesired tensions 

in the cable are prevented, as indicated by J. Savall et al. [26]. 

To ensure that the length of the cable is always constant, the 

distance of the tie points 𝑑𝑎, which is indicated in Figure 2, has 

to fulfill equation (1). This equation is deduced previously by 

Savall [23]. 

𝑑𝑎 = (
𝑑𝑒 − 𝑏

2𝜋𝑟𝑝

+
𝜃𝑠2

2𝜋
+

𝜃𝑠1

2𝜋
) 𝑝 (1) 

where 𝑝 is the pitch of the pulleys’ thread, 𝑑𝑒 is the distance 

between the axes of the pulleys, 𝑟𝑝 is the radius of the pulleys, 

𝜃𝑠2  the total mooring angle of the Generator Pulley, 𝜃𝑠1  the 

total mooring angle of the Driven Pulley and 𝑏 the horizontal 

separation of the cable ties to the mobile skate. 

 
Figure 2. Geometry and main parameters of the cable 

transmission. 

Cable transmissions have been used frequently in all type of 

industries, in the area of robotics, medical applications, 

aerospace, etc. Ya-Fei Lu et al. [27] deduce the analytical 

expression of the maximum torque that the cable can transmit 

with no slip. 

 𝑀𝑚𝑎𝑥 = 2𝑇𝑝𝑟𝑝

𝜏𝑐 − 1

𝜏𝑐 + 1
 (2) 

where 𝑇𝑝 is the cable pretension and 𝜏𝑐 is given by equation 3.  

 𝜏𝑐 = 𝑒𝜇𝜃𝑠2 (3) 

𝜇 is the friction coefficient between the pulley and the cable. It 

is important that this torque is not exceeded by the resistive 

torque of the generator, otherwise the cable would slide on the 

pulley and the expected damping would not occur. For this 

reason, two tensioners have been added on both sides of the 

skate to vary the pretension of the cable according to the 

specifications. However, special care must be taken when 

tensioning the cable because the bearings can be affected by 

the radial force applied to them. 

 
Figure 3. Photo of the shock absorber prototype. 

 

The prototype can be seen in Figure 3. The design parameters 

of the CD-EHSA, which are listed in Table 1, have been chosen 

in order to obtain a translation-rotation coefficient of 6 mm/rev. 

This is a value close to the coefficients used in other EHSA-

rotational systems [28][29]. With the generator chosen, a 

damping coefficient of less than 3500 𝑁 (𝑚 𝑠⁄ )⁄  can be 

achieved, which fall within the types of shock absorbers that 

will be used later. 
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Table 1. Main characteristics of the Cable Dynamics Energy 

Harvesting Shock Absorber (CD-EHSA). 

Inertia of the motor 𝐽𝑚 121 𝑔𝑐𝑚2 
Inertia of the multiplier 𝐽𝑚𝑢 100 𝑔𝑐𝑚2 

Inertia of the second 

pulley transmission 
𝐽𝑝𝑡2 8.23 𝑔𝑐𝑚2 

Inertia of the first pulley 

transmission 
𝐽𝑝𝑡1 233 𝑔𝑐𝑚2 

Inertia of the generator 

pulley 
𝐽𝑝𝑔 81 𝑔𝑐𝑚2 

Pulley transmission ratio 𝑘𝑝𝑡 2  

Multiplier ratio 𝑘𝑚𝑢 5  

Generator pulley radius 𝑅𝑝𝑔 10 𝑚𝑚 

Voltage constant 𝐾𝑟𝑒 0.137 𝑉𝑠 𝑟𝑎𝑑⁄  

Torque constant 𝐾𝑡 0.137 𝑁𝑚 𝐴⁄  
Resistance of the 

generator 
𝑅𝑖 6.6 Ω 

Inductance of the 

generator 
𝐿𝑖 1.7 mH 

Radius from section of the 

cable 
𝑟𝑐  2 𝑚𝑚 

Elastic modulus steel 𝐸 70.3 𝐺𝑃𝑎 

Cable stiffness coefficient  𝑘𝑐 1104 𝐾𝑁 𝑚⁄  

Cable damping coefficient 𝑐𝑐 100 𝑁 (𝑚 𝑠⁄ )⁄  

III. MODELLING AND DYNAMICS 

In this section the mathematical equations of the CD-EHSA 

system for its subsequent dynamic analysis will be derived. 

The operating scheme presented in Figure 4 is used. 

 
Figure 4. The dynamics model of the proposed Energy-

Harvesting Shock Absorber (EHSA). 

The dynamic equations of motion of the system presented 

above are: 

𝐹𝑎 = 𝑇2 − 𝑇1 (4) 

𝜂𝑝𝑔(𝑇1 − 𝑇3)𝑅𝑝𝑔𝜃̇𝑝𝑔 = 𝐽𝑝𝑔𝜃̈𝑝𝑔𝜃̇𝑝𝑔 + 𝜏𝑝𝑔𝜃̇𝑝𝑔 (5) 

𝑇1 = 𝑘𝑐(𝑥1 − 𝑥) + 𝑐𝑐(𝑥̇1 − 𝑥̇) (6) 

𝑇2 = 𝑘𝑐(𝑥 − 𝑥2) + 𝑐𝑐(𝑥̇ − 𝑥̇2) (7) 

𝑇3 = 𝑘𝑝(𝑥2 − 𝑥1) + 𝑇𝑝 (8) 

(𝑇2 − 𝑇1)𝑅𝑝𝑙 − 𝐽𝑝𝑙𝜃̈𝑝𝑙 = 0 (9) 

𝜃̇𝑝𝑙 =
𝑥̇2

𝑅𝑝𝑙

 
(10) 

𝜃̇𝑝𝑔 =
𝑥̇1

𝑅𝑝𝑔

 
(11) 

𝜂𝑝𝑡1(𝜏𝑝𝑔𝜃̇𝑝𝑔) = 𝐽𝑝𝑡1𝜃̈𝑝𝑔𝜃̇𝑝𝑔 + (𝑇𝑡2 − 𝑇𝑡1)𝑅𝑝𝑡1𝜃̇𝑝𝑔 (12) 

𝜂𝑝𝑡2(𝑇𝑡2 − 𝑇𝑡1)𝑅𝑝𝑡2𝜃̇𝑝𝑡2 = 𝐽𝑝𝑡2𝜃̈𝑝𝑡2𝜃̇𝑝𝑡2 + 𝜏𝑝𝑡2𝜃̇𝑝𝑡2 (13) 

𝜂𝑚𝑢(𝜏𝑝𝑡2𝜃̇𝑝𝑡2) = 𝐽𝑚𝑢(𝜃̈𝑚𝑢 − 𝜃̈𝑝𝑡2)(𝜃̇𝑚𝑢 − 𝜃̇𝑝𝑡2)

+ 𝜏𝑔𝜃̇𝑚𝑢 

(14) 

𝜏𝑚𝑢 = 𝑚𝑟𝜃̈𝑔 + 𝑐𝑟𝜃̇𝑔 + 𝑘𝑟𝜃𝑔 (15) 

𝜃𝑚𝑢 = 𝜃𝑔 (16) 

𝑅𝑝𝑡1

𝑅𝑝𝑡2

=
𝜃̇𝑝𝑡2

𝜃̇𝑝𝑡1

 
(17) 

𝑘𝑚𝑢 =
𝜃̇𝑚𝑢

𝜃̇𝑝𝑡2

 
(18) 

𝑘𝑝𝑡 =
𝑅𝑝𝑡1

𝑅𝑝𝑡2

 (19) 

The efficiencies (𝜂𝑝𝑡1, 𝜂𝑝𝑡2, 𝜂𝑚𝑢 and 𝜂𝑝𝑔) are referring only to 

the pulley-cable system. From the equations (4) to (11) the 

force applied to the EHSA is obtained: 

𝐹𝑎 =
𝐽𝑝𝑙𝜃̈𝑝𝑙

𝑅𝑝𝑙

+ 𝑇3 −
𝐽𝑝𝑔𝜃̈𝑝𝑔

𝜂𝑝𝑔𝑅𝑝𝑔

−
𝜏𝑝𝑔

𝜂𝑝𝑔𝑅𝑝𝑔

− 𝑇3 (20) 

From equations (11) to (19), the torque on the generator pulley 

is deduced: 

𝜏𝑝𝑔 =
𝜃̈𝑝𝑔

𝜂𝑝𝑡1

(𝐽𝑝𝑡1 +
𝑘𝑝𝑡

2

𝜂𝑝𝑡2

(𝐽𝑝𝑡2 + 𝐽𝑚𝑢 − 2𝐽𝑚𝑢𝑘𝑚𝑢)

+
𝑘𝑚𝑢

2 (𝐽𝑚𝑢 + 𝑚𝑟)

𝜂𝑚𝑢

)

+
𝜃̇𝑝𝑔𝑘𝑝𝑡

2 𝑘𝑚𝑢
2

𝜂𝑚𝑢𝜂𝑝𝑡2𝜂𝑝𝑡1

𝑐𝑟

+
𝜃𝑝𝑔𝑘𝑝𝑡

2 𝑘𝑚𝑢
2

𝜂𝑚𝑢𝜂𝑝𝑡2𝜂𝑝𝑡1

𝑘𝑟 

(21) 

For the resistive torque of the generator 𝜏𝑚𝑢 (equation 15), its 

equivalent inertial force, its equivalent rotational damping and 

its equivalent rotational stiffness, was analyzed and derived 

previously in [13]:  

𝑚𝑟 = 𝐽𝑝𝑔 (22) 

𝑐𝑟 =  
𝐾𝑟𝑒𝐾𝑡(𝑅𝑒 + 𝑅𝑖)

(𝑅𝑒 + 𝑅𝑖)
2 + 𝐿𝑖

2𝜔2
 

(23) 

𝑘𝑟 =  
𝐾𝑟𝑒𝐾𝑡𝐿𝑖𝜔

2

(𝑅𝑒 + 𝑅𝑖)
2 + 𝐿𝑖

2𝜔2
 (24) 

Taking the data from Table 1 as an example, it can be deduced 

that the force of inertia of the Dirven Pulley is much lower than 

the resistant torque of the generator of the Generator Pulley ( 

𝐽𝑝𝑙𝜃̈𝑝𝑙 ≪ 𝜏𝑝𝑔), thus being able to neglect this term. Therefore 

the applied force is equal to: 

𝐹𝑎 = −
𝐽𝑝𝑔𝜃̈𝑝𝑔

𝜂𝑝𝑔𝑅𝑝𝑔

−
𝜏𝑝𝑔

𝜂𝑝𝑔𝑅𝑝𝑔

 (25) 

With equation (11) the rotation of the generating pulley 𝜃𝑝𝑔 is 

related to 𝑥1, and with equations (5) and (6) the movement 𝑥1 
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can be related to 𝑥. Giving us the equivalent mechanical system 

of Figure 5 as a result. 

 
Figure 5. Equivalent mechanical system configuration of the 

Cable-Dynamics Energy Harvesting Shock Absorber (CD-

EHSA). 

The equivalent model of the CD-EHSA, mentioned above, 

may be having a mass, a damper and stiffness in parallel, or a 

mass, a damper and a different stiffness in series with the 

stiffness and damping of the cable. For both cases, their values 

are presented below:  

𝑚𝑒𝑞
∗ =

1

𝑅𝑝𝑔
2 𝜂𝑝𝑡1𝜂𝑝𝑔

(𝐽𝑝𝑡1 + 𝐽𝑝𝑔)

+
𝑘𝑝𝑡

2

𝑅𝑝𝑔
2 𝜂𝑝𝑡1𝜂𝑝𝑔𝜂𝑝𝑡2

(𝐽𝑝𝑡2 + 𝐽𝑚𝑢

− 2𝐽𝑚𝑢𝑘𝑚𝑢)

+
𝑘𝑝𝑡

2 𝑘𝑚𝑢
2

𝑅𝑝𝑔
2 𝜂𝑝𝑡1𝜂𝑝𝑔𝜂𝑝𝑡2𝜂𝑚𝑢

(𝐽𝑚𝑢 + 𝐽𝑚) 

(26) 

𝑐𝑒𝑞
∗ =

𝑘𝑚𝑢
2 𝑘𝑝𝑡

2 𝐾𝑟𝑒𝐾𝑡(𝑅𝑒 + 𝑅𝑖)

𝑅𝑝𝑔
2 𝜂𝑝𝑡1𝜂𝑝𝑔𝜂𝑝𝑡2𝜂𝑚𝑢((𝑅𝑒 + 𝑅𝑖)

2 + 𝐿𝑖
2𝜔2)

 (27) 

𝑘𝑒𝑞
∗ =

𝑘𝑚𝑢
2 𝑘𝑝𝑡

2 𝐾𝑟𝑒𝐾𝑡𝐿𝑖𝜔
2

𝑅𝑝𝑔
2 𝜂𝑝𝑡1𝜂𝑝𝑔𝜂𝑝𝑡2𝜂𝑚𝑢((𝑅𝑒 + 𝑅𝑖)

2 + 𝐿𝑖
2𝜔2)

 (28) 

𝑚𝑒𝑞

=
(𝑚𝑒𝑞

∗ 𝑐𝑐
2 − 𝑚𝑒𝑞

∗ 2𝑘𝑐)𝜔2 + 2𝑚𝑒𝑞
∗ 𝑘𝑒𝑞

∗ 𝑘𝑐

(𝑘𝑒𝑞
∗ + 𝑘𝑐 − 𝑚𝑒𝑞

∗ 𝜔2)
2

+ (𝑐𝑒𝑞
∗ + 𝑐𝑐)

2
𝜔2

+
𝑚𝑒𝑞

∗ 𝑘𝑐
2 − 𝑐𝑒𝑞

∗ 2𝑘𝑐 − 𝑘𝑒𝑞
∗ 𝑐𝑐

2

(𝑘𝑒𝑞
∗ + 𝑘𝑐 − 𝑚𝑒𝑞

∗ 𝜔2)
2

+ (𝑐𝑒𝑞
∗ + 𝑐𝑐)

2
𝜔2

 

(29) 

𝑐𝑒𝑞

=
(𝑐𝑒𝑞

∗ 2𝑐𝑐 + 𝑐𝑒𝑞
∗ 𝑐𝑐

2 − 2𝑘𝑒𝑞
∗ 𝑐𝑐𝑚𝑒𝑞

∗ )𝜔2

(𝑘𝑒𝑞
∗ + 𝑘𝑐 − 𝑚𝑒𝑞

∗ 𝜔2)
2

+ (𝑐𝑒𝑞
∗ + 𝑐𝑐)

2
𝜔2

+
𝑚𝑒𝑞

∗ 2𝑐𝑐𝜔4 + 𝑐𝑒𝑞
∗ 𝑘𝑐

2 + 𝑐𝑐𝑘𝑒𝑞
∗ 2

(𝑘𝑒𝑞
∗ + 𝑘𝑐 − 𝑚𝑒𝑞

∗ 𝜔2)
2

+ (𝑐𝑒𝑞
∗ + 𝑐𝑐)

2
𝜔2

 

(30) 

𝑘𝑒𝑞 =
𝑘𝑒𝑞

∗ 2𝑘𝑐 + 𝑘𝑒𝑞
∗ 𝑘𝑐

2

(𝑘𝑒𝑞
∗ + 𝑘𝑐 − 𝑚𝑒𝑞

∗ 𝜔2)
2

+ (𝑐𝑒𝑞
∗ + 𝑐𝑐)

2
𝜔2

 (31) 

The mathematical model used for the derivation of the 

equations did not consider so far friction forces. For this 

reason, in order to obtain a more realistic mathematical model, 

friction forces are introduced for each of the mobile parts of 

the system: 

𝐹𝑓𝑟 = 𝑓(𝑥, 𝑥̇, 𝜃𝑝𝑔, 𝜃̇𝑝𝑔, 𝜃𝑝𝑡2, 𝜃̇𝑝𝑡2, 𝜃𝑚𝑢, 𝜃̇𝑚𝑢) (32) 

 

The friction model used for each of the mobile parts of the 

system, kinematic pairs, is the one presented by B. Armstrong 

et al. [30], which is illustrated in Figure 6 and approximated 

with the following equations: 

𝐹 = √2𝑒(𝐹𝑏𝑟𝑘 − 𝐹𝑐) ∙ 𝑒𝑥𝑝 (− (
𝑣

𝑣𝑏𝑟𝑘√2
)

2

) ∙
𝑣

𝑣𝑠𝑡

+ 𝐹𝑐 ∙ 𝑡𝑎𝑛ℎ (
10𝑣

𝑣𝑏𝑟𝑘

) + 𝑓𝑣 

(33) 

𝑇 = √2𝑒(𝑇𝑏𝑟𝑘 − 𝑇𝑐) ∙ 𝑒𝑥𝑝 (− (
𝜃̇

𝜃̇𝑏𝑟𝑘√2
)

2

) ∙
𝜃̇

𝜃̇𝑠𝑡

+ 𝑇𝑐 ∙ 𝑡𝑎𝑛ℎ (
10𝜃̇

𝜃̇𝑏𝑟𝑘

) + 𝑡𝑣 

(34) 

 

 
Figure 6. The function of the translational friction (up) and 

rotational friction (down). 

An iterative method was used to determine the numerical 

values of the friction model, in which, with the help of a multi-

objective optimization algorithm (MOOP), the parameters that 

best fit the experimental results are found.  

This done the damping force of the CD-EHSA is finally given 

by the following expression: 

𝐹𝑎 = 𝑚𝑒𝑞𝑥̈ + 𝑐𝑒𝑞𝑥̇ + 𝑘𝑒𝑞𝑥 + 𝐹𝑓𝑟 (35) 

IV. LAB TESTS  

This section describes both the tests carried out and the results 

obtained with the CD-EHSA. 

A. Experimental Setup 

The experimental tests of the CD-EHSA were performed with 

a MTS 835 machine, as shown in Figure 7. The tests were 

performed for excitation frequencies between 0.5 and 4 Hz and 

different electrical resistances (15, 47, 62, 94 and 109). In order 

to register the voltage signal from the generator, a CompactRio 

NI cDaq-9178 system was used together with a NI-9234 

module. 
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Figure 7. Bench test setup for the CD-EHSA. 

When analyzing the results of the tests it could be observed that 

a slight misalignment between the axis of the multiplier and the 

generator was producing a vibration at a frequency different 

form the excitation frequency with which the respective test 

was performed. It was confirmed that this vibration was due to 

misalignment, because the frequency of vibration was equal to 

the product of the multiplication factor of the multiplier (𝑘𝑚𝑢) 

with the multiplication factor of the transmission pulleys (𝑘𝑝𝑡) 

by the excitation frequency of the test. Therefore, a Notch-filter 

was applied on the recorded signals in order to attenuate this 

undesired effect at the frequency where the aforementioned 

disturbance is present, as shown in Figure 8.  

However, the impact of this misalignment in the ride quality 

could cause the decrease on passenger’s comfort and the 

durability of the mechanism that interview in the system, 

affecting in the future the feasibility of the CD-EHSA. 

 

 

 
Figure 8. Experimental damping force of the CD-EHSA. Top: 

Frequency domain. Bottom: Time domain.  

B. Comparison of simulations and experiments. 

For the simulation of the behavior of the CD-EHSA, the 

Simscape/Mathworks program is used, which uses the 

mathematical equations derived in the previous section.  

The simulation results together with the experimental ones can 

be observed in Figure 9. They show that the computational 

model created captures the main characteristics of the 

experimental results of both the excitation force and the 

generated voltage.   

 
Figure 9. Simulation and experimental results of the CD-EHSA 

at different excitation frequencies and external load. Top: 

Damping force. Bottom: Generator voltage 
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C. Force-displacement loops, damping characteristics and 

harvesting power. 

The prototype was tested, as indicated above, at different 

excitation frequencies and varying external resistances. The 

force-displacement graphs can be seen in Figure 10 and Figure 

11.  

Figure 10 shows the force-displacement ellipsoid of the CD-

EHSA at different excitation frequencies. The area of the 

ellipsoid represents the energy dissipated+recovered from the 

damper. Clearly this energy is higher when the frequency is 

increased.  

Figure 11 shows, likewise, the force-displacement ellipsoid but 

varying the electrical resistance connected to the generator. As 

can be seen the dissipated+recovered energy increases as the 

impedance value decreases.  

 
Figure 10. Force-displacement loop for different frequencies 

with 47Ω external load and 15 mm displacement input. 

 
Figure 11. Force-displacement loops for different electrical 

loads at displacement input of 1Hz and 15 mm amplitude. 

 

Figure 12 shows the relationship between force and speed. This 

image shows that there is linearity between the two variables 

and its slope, which corresponds to the damping 

coefficient 𝑐𝑒𝑞, and that it depends on the electrical resistance 

that is connected to the generator. The higher the resistance, 

the lower the slope and vice versa. In the image we can observe 

the phase difference 𝜑  that exists between the slopes with the 

resistances of 15 Ω and 109 Ω.  

Figure 13 shows the instantaneous electrical power to different 

connected electrical resistances. This power was obtained 

using the voltage and the value of the resistance, 𝑃𝑜𝑢𝑡 =
𝑉2

𝑅𝑒
⁄ . Obtaining peak values of 1.4 W and 0.5 W for 

resistances of 15Ω and 109Ω. 

The mechanical efficiency ranges from 4% to 22% with 

different vibration frequencies (see Figure 14) and different 

electrical loads. It is important to remark that the mechanical 

efficiency shown at Figure 14, is from experimental data and it 

is defined as:  

η
𝑔
𝑒 =

𝑉𝑔
𝑒2 𝑅𝑒⁄

(𝐹𝑎
𝑒)𝑥̇

 (36) 

 

Where the numerator is the experimental electric power 

generated and the denominator is the damped power, which is 

composed by the experimental input force of the CD-EHSA 

(equation 35) multiplied by the experimental input velocity 

recorded by the bench test. 

In spite of having filtered the vibrations coming from the 

misalignment between the generator and the multiplier, there 

are other fluctuations in the signals originated from the 

imperfections between the couplings of the moving parts. This 

problem can be improved as tolerance values are adjusted 

when the CD-EHSA is manufactured and assembled.  

 
Figure 12. Force-velocity for different electrical loads at 

displacement input of 0.5 Hz frequency and 10 mm amplitude. 

 
Figure 13. Output electrical power for different electrical loads 

at displacement input of 1 Hz frequency and 15 mm amplitude. 



8 

 

 
Figure 14. Electromechanical conversion efficiency of the 

energy- harvesting damper including the mechanical and 

electrical efficiencies, which are calculated as the output 

electrical power generated divided by the damped power, at 

different excitation frequencies. 

 

V. ROAD TESTS AND PERFORMANCES 

This section shows some results of the energy recovery 

potential of the CD-EHSA system. Test have been carried out 

on a Renault Twizy 45 car, in order to obtain the relative 

displacements of its 4 shock absorbers when driving in a circuit 

at a certain speed. Using these data and with the characteristic 

curves of the dampers of the vehicle itself, the power that can 

be recovered with the CD-EHSAs is calculated. 

The trajectory that was followed within the University campus 

at a speed between 20-30 Km/h, is indicated in Figure 15.b). 

Cable extension transducers (POSIWIRE®), were used for the 

instrumentation of the vehicle, together with the cDaq  NI 

cDaq-9178 equipment and the NI-9234 module for data 

acquisition, shown in Figure 15 (right). At the moment, our 

research is focused on low-speed damped which is why the 

circuit have been done at low velocity. 

 
Figure 15. Left: a) Renault Twizy and b) Trajectory followed 

in the experiment. Right: Mounting sensors on the 

suspensions. 

Figure 16 shows the relative displacement between the ends of 

the four suspensions. These data are used as input signals in the 

computational model created for the CD-EHSA.  

 
Figure 16. Suspension displacement between the ends from 

all four shock absorbers, recorded on a local circuit at 20-30 

Km/h. 

 

Each of the energy recovery dampers has been designed to 

have the same force-velocity characteristics curves as the 

actual Renault Twizy dampers (see Figure 17). The 

characteristics curves of the Renault Twizy shock absorbers 

were obtained from the MTS 835 machine. 

The damping value 𝑐𝑒𝑞  of the CD-EHSA is adjusted by varying 

the external resistance connected to the generator. By means of 

a diode circuit it is possible to obtain different slopes both in 

compression and extension, imitating the behavior found in 

hydraulic shock absorbers. 

Table 2 shows the different damping values 𝑐𝑒𝑞  that can be 

achieved for different resistance values. It is important to 

remark that the values that appear in Table 2 correspond to 

theoretical damping values (𝑐𝑒𝑞), they don’t take into account 

the nonlinear friction parameters. That is why the damping 

values are shown in Figure 12 are higher than shown in Table 

2. The purpose of show the different damping values, for 

different external loads, at Table 2 is to illustrate how the 

theoretical EHSA behave at different conditions. Values of 

equivalent damping, with external resistance greater than 100 

Ω do not change considerably, and less than 2 Ω are very 

difficult to obtained because of the own electrical impedance 

from the cables that connect the generator with resistance. 

Table 2. Different values of 𝑐𝑒𝑞 , depending on the external 

load. 

External Resistance 𝑹𝒆 
(Ω) 

Equivalent Damping value 𝒄𝒆𝒒 

(𝑵 (𝒎 𝒔⁄ )⁄ ) 
2 2720 

10 1405 

25 738 

100 220 
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Figure 17. Force-velocity curve from the CD-EHSA and the 

Twizy’s dampers. Top: Shock absorbers at the back. Bottom: 

Shock absorbers at the front. 

The installation of CD-EHSA is simulated for each suspension 

(Figure 18), the results show that a total average power of 

105W can be obtained, having peaks of power of 400-500 W 

when passing through speed bumps (Figure 19). 

The instantaneous power generated, showed at Figure 19, is 

adjusting the external resistance to have the same force-speed 

curve as in the Renault Twizy dampers. However, Figure 20 

shows the RMS power generated with different resistances and 

different driver speed, using the relative displacement data 

from the suspension at the back and front. The figure shows 

how the increase of the resistance, decrease the value of power 

generated, and at higher driver speed the greater the power 

recovered.  

 

 
Figure 18. Application of the Cable-Dynamics Energy 

Harvesting Shock Absorbers (CD-EHSA) in range extended 

EVs 

 
Figure 19. The road test results of output electrical power from 

the four shock absorbers at 20-30 Km/h. The red line means 

the RMS Power generated. 
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Figure 20. RMS electrical power generated by the CD-EHSA 

at different driver speed and different resistances. Top: Using 

the relative displacement from the Twizy front suspension. 

Bottom: Using the relative displacement from the Twizy back 

suspension. 

With the resistance values adjusted to have the same force-

speed curve as in the Renault Twizy dampers, the mechanical 

efficiency of the system is around 26%. However, by varying 

the values of the damping coefficient (e.g. changing the 

external load), the CD-EHSA system can reach an efficiency 

of more than 60%, see Figure 21. The efficiency (𝜂𝑔) of the 

CD-EHSA, represents the amount of energy that is “recovered” 

with respect to the energy that is used to damp. For that reason 

it is composed of the electric power divided by the damped 

power. It is defined as: 

η
𝑔

=
𝑉𝑔

2 𝑅𝑒⁄

(𝐹𝑎 − 𝑚𝑒𝑞𝑥̈ − 𝑘𝑒𝑞𝑥)𝑥̇
 (37) 

Where the numerator is the electric power generated, which is 

composed of the voltage on the generator 𝑉𝑔 squared, divided 

by the electric resistance 𝑅𝑒. On the other hand, the 

denominator, the damped power, is composed by the damping 

force of the CD-EHSA (equation 35) multiplied by the relative 

velocity between the non-suspended mass and suspended 

mass, not taking account the inertial and the stiffness force 

inherent to the CD-EHSA. 

 
Figure 21. Efficiencies of the CD-EHSA under different 

damping coefficient (for extension and compression), varying 

the external load 𝑅𝑒. The graph plots at different excitation 

frequencies and vibration amplitude of 10 mm. 

Figure 21 shows that the energy efficiency decreased, at high 

damping coefficient, conforming the excitation frequency 

increases. And also, that the optimal efficiency, when the 

excitation frequency is upper 2Hz, is when the damping 

coefficient is between 900-1100 Ns/m. 

VI. CONCLUSIONS  

This article presents an innovative system for energy recovery 

in vehicle dampers. This type of Energy Harvesting Shock 

Absorber uses a cable transmission (called CD-EHSA) to 

convert the movement of translation -found in most of the 

conventional dampers- to a rotation which is more adaptable to 

the shaft of a conventional generator. With this type of 

transmission, inertias and backlash when the direction of travel 

changes are reduced. However, despite the fact that the 

backslash decreases when the pre-tension of the cable is 

increased it is necessary to take special care as the bearings are 

directly affected. 

The modelling shows that the CD-EHSA’s damping force can 

be subdivided in four forces, the friction forces and one related 

to the damping forces, other related to the stiffness forces and 

the last related to the inertias forces from the moving parts. The 

last three forces, in comparison to other EHSAs models from 

the literature depends more in the excitation frequency, having 

an EHSA more sensible for high frequencies. 

The prototype is also evaluated on a testing machine, MTS 835, 

with sinusoidal displacement input. The experimental results 

shows that the friction forces affect in strong way to the 

resulting damping coefficient. Having to take in consideration 

for its design to a specific car.  

Additionally, tests have been conducted on a Renault Twizy 

45, instrumented in order to obtain actual relative displacement 

in the suspensions on a specific road test. With this data and 

with the characteristic curve of the dampers of the chosen 

vehicle, an estimation of the electric power that such a system 

can generate was obtained. The results shows that a mean 

square power of 105W, driving at a speed between 20-30 
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Km/h, is achieved. With power peaks, when passing through a 

speed bump, of 400-500 W.  

The efficiency of the system varies depending of the electrical 

resistance that is connected to it. By means of a diode circuit it 

is possible to have different damping values depending on the 

state of the damper. With a resistance of 25Ω for extension and 

20Ω for compression the system can have an efficiency of 

around 60%. In the design of the EHSA, there is the decision 

to make between, prioritize the energy efficiency or the 

damping force need. A systematic analysis of interaction 

between energy efficiency, ride comfort and rode handling will 

be conducted in the future. 

The advantage of the electromagnetic EHSAs is that their 

damping values can be adjusted by changing the electrical 

resistance. Giving rise, as a new line of research, to be able to 

develop a semi active EHSA, i.e. with a variable resistance that 

allows to control at all times the adequate damping.  

Another future lines is going on an improved mechanical 

design of the CD-EHSA in which the weight, inertias and 

friction are reduced. Even though this kind of transmission has 

been used in applications with high dynamical force, and 

different values of excitation frequency, the analysis in the 

suspension dynamics is still premature. However, the authors 

considered this kind of transmission as a valuable technology 

to improve EHSA performance. 
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