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 
Abstract—This study is aimed at exploring the possibility of 

energy recovery through the suppression of vibrations. The article 
describes design of electromagnetic dynamic damper. The magnetic 
part of the device performs the function of a tuned mass damper, 
thereby providing both energy regeneration and damping properties 
to the protected mass. According to the theory of tuned mass damper, 
equations of mathematical models were obtained. Then, under given 
properties of current system, amplitude frequency response was 
investigated. Therefore, main ideas and methods for further research 
were defined. 

 
Keywords—Electromagnetic damper, oscillations with two 

degrees of freedom, regeneration systems, tuned mass damper. 

I. INTRODUCTION 

growing interest in electric and hybrid vehicles has been 
observed in recent years. Saving of electric energy and 

creating of infrastructure for such vehicles has become one of 
the most important tasks facing researchers.  

The process of capturing energy from the environment and 
converting it into usable electrical energy is known as energy 
regeneration [1]. There are two main methods of energy 
regeneration in road vehicles: braking systems and suspension 
systems. 

This research provides a regenerative suspension system. 
Construction with two degrees of freedom consisting of an 
electromagnetic damper, recovering the kinetic energy due to 
vibrations, and solenoid which transforms it to the electrical 
energy was investigated. 

In general, the aims of suspension are isolating the car body 
from the vibrations coming from the road surface and 
improving road handling by ensuring contact between tires 
and the road. Performance of suspension system significantly 
improves with a proper tuning of viscous dampers, commonly 
used to dampen the relative motion between car body and 
unsuspended masses [2].  

Generally, vehicle suspensions are designed to control the 
vehicle vibration by dissipating the vibration energy into heat, 
mostly by hydraulic dampers. If such dissipated energy can be 
recuperated, the estimated power gain would be an average of 
100–400 W for a mid-size passenger car on an average road at 
60 mph [3]. The novelty of this particular idea is using 
construction with diaphragm springs and magnets, performing 
the function of tuned mass damper, which is able to oscillate 
in a magnet field from a solenoid, in this way allowing it to 
carry out two functions simultaneously: recovering the kinetic 
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energy due to vibrations and damping the unsprung mass of 
the vehicle. 

II. SYSTEM OF ELECTROMAGNETIC DAMPER 

In general, the construction includes two parts: mechanical 
and electromagnetic. Mechanical part consists of a coil spring, 
which is responsible for dumping (damping) road oscillations. 
In turn, the electromagnetic part consists of two parts: 
diaphragm springs in Fig. 1, carrying permanent magnets, 
which perform the function of tuned mass damper, and the 
solenoid which is responsible for producing electric energy 
and damping road oscillations as well. The general view of 
construction is shown in Fig. 2. 

 

 

Fig. 1 Diaphragm spring 
 
In Fig. 3, schematic view of construction and main 

parameters are shown, where M is a sprung mass with 
stiffness K, m is an unsprung mass with stiffness k, and x and 
y are the generalized coordinates. 

For the initial analysis the current system will be excited by 
the periodic force ܨ sinሺ߱ݐሻ, F as amplitude, ω as a cyclic 
frequency. The controllable force ܨ௥ plays the role of force 
which can affect the behavior of oscillations. 

The objective of research is to provide a damper with two 
functions: damping and regeneration. The device should be 
able to operate under both direct current and alternating 
current. 
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Fig. 2 General view 
 

 

Fig. 3 Schematic view 
 
For the first case, the wire (solenoid) is moving in a 

constant magnetic field. Then, acting on it, Lorentz force 
creates an electromotive force E, thereby, producing an 
electric energy, described by (1):  

 
E ൌ V ∙ l ∙ B ∙ sin α                          (1) 

 

where l is the length of wire, V is a velocity of wire moving, B 
is a magnetic field, and α is an angle between magnetic field 
vector and vector of wire velocity. In this way, the device does 
not carry out the function of damping, but is able to generate 
alternating current in the solenoid. It can be said that Lorentz 
force resists movement of the solenoid, depending on the 
velocity of movement. This kind of resistance further will be 
considered as a viscous coefficient for tuned mass damper. 
Providing that magnets will be configured as a tuned mass 
damper, more details will be examined in the following 
chapter. 

For the second case, the solenoid is powered by an 
alternating current, and the character of current can influence 
the oscillations of magnets. Therefore, the device is able to 
control vibration from the road. 

The question is how to combine two conditions of working 
and save damping and regenerative functions at the same time. 
The answer is located in the theory of tuned mass damper. 

III. THE THEORY OF TUNED MASS DAMPER 

A tuned mass damper (TMD), also known as a vibration 
absorber, is a mechanism applied in systems to suppress the 
mechanical vibrations by kinetic energy. Their application can 
provide comfort, sustainable operation, and regeneration 
kinetic energy. Such dampers are commonly realized with a 
frictional or hydraulic part that converts mechanical kinetic 
energy into heat [4]. The simplest model of such dampers will 
be considered in chapter IV. 

The vibration absorber consists of a comparatively small 
vibratory system which is attached to the main mass. The 
natural frequency of the attached absorber is chosen to be 
equal to the frequency of the disturbing force. It will be shown 
then that the main mass does not vibrate at all, and that the 
small system vibrates in such a way that its spring force is at 
all instants equal and opposite to the disturbing force. Thus, 
there is no net force acting on the main mass, which will result 
in no vibration [5]. 

In general, there are two major types of TMD with 
absorbers: with damping and without damping. TMD with 
absorber without damping is tuned to the frequency of the 
disturbing force. Such an absorber is called a narrow-band 
absorber, as it does not eliminate the threat of structural 
oscillations, when the frequency of vibration is out of tuned 
range. However, the insertion of damping allows it to 
significantly widen the bandwidth of effective operation of 
TMD as shown in Fig. 4 [6]. Therefore, the problem of the 
optimal parameters of TMD with linear viscous friction has 
become the primary goal of research in this area [7].  

As we can see, the curve with more optimal damping 
parameters belongs to the system with absorber and optimized 
damping. 

The common method of optimization and methods for 
achieving efficiency of current system will be explained and 
considered in the next chapter.  
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Fig. 4 Efficiency of tuned mass damper 
 

IV. MATHEMATICAL MODEL 

For TMD without damping, the scope of application is very 
limited. TMDs with damping are more effective in wide 
frequency ranges of external influences. Sensitivity to 
deviations from the optimal values of such dampers is lower 
than in the dampers without damping, which significantly 
increases the reliability of operation in service. The energy 
dissipation in the dampers is most often carried with the use of 
dampers with viscous friction. 

In this chapter of the article, the oscillation system equipped 
TMD with viscous friction was considered. 

To simplify the solution of the problem, in the beginning, 
the inelastic resistance of the protected mass is not considered, 
but in further researches about optimization of the oscillation 
system, an approximate estimate of the influence of this factor 
on the efficiency of the TMD will be made.  

The differential equations of vibrations of the protected 
mass and the mass of the damper (2): 

 

൜
M ∙ xሷ ൅ K ∙ x ൅ kሺx െ yሻ ൅ μ଴ሺxሶ െ yሶ ሻ ൌ K ∙ ŋሺtሻ

m ∙ yሷ ൅ μ଴ሺyሶ െ xሶሻ ൅ kሺy െ xሻ ൌ 0
        (2) 

 
where M is the protected mass, K is the coil spring stiffness, m 
is the mass of TMD with damping coefficient μ଴, k is the 
diaphragm spring stiffness, x, y their movement coordinates 
and ŋሺtሻ external impact, as shown in Fig. 5. 

Using the method of operational calculus [8], the ratio of 
amplitude of the protected mass to amplitude of the input of 

external influence 
୅౰౦
୅ŋ	

 and the ratio of amplitude of the damper 

mass to amplitude of the input of external influence 
୅౰ౚ
୅ŋ	

 were 

defined, where the amplitude of the protected mass is A୸୮, A୸ୢ 
is the amplitude of damper, and Aŋ is the amplitude of input 
impact. 

 

Fig. 5 Mathematical model  
 

TABLE I  
GENERAL PARAMETERS 

Parameter Value Description 

M 10 kg Protected mass 

m 2 kg Damper mass 

K 25000 N/mm Spring stiffness 

k 5000 N/mm Diaphragm stiffness  

μ଴ 50 Damping coefficient 

 
Therefore, for these parameters, amplitude-frequency 

response plot for tuned mass damper and protected mass was 
obtained in Fig. 6, where, I - the area of increasing amplitude, 
II - the area of reducing amplitude, III - the area of optimal 
parameters for the electromagnetic dynamic damper (EDD) 
for current system. 

The greatest interest for further study is located in Section 
III, the section where the TMD vibrates at a greater amplitude 
than the amplitude of the input and thus makes the protected 
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mass oscillate with a smaller amplitude than the input impact. 
In this case, the damper has more kinetic energy than the 
energy of input impact. This in turn converts mechanical 
kinetic energy into electrical energy, by means of the 
oscillation of the EDD. In this case, the working frequency 
range of current system can vary from 72 to 84 Hz. Therefore, 
the EDD of this system performs two functions: the 
suppression of oscillations of the main mass and energy 
regeneration of suppressed fluctuations of the input impact, 
thereby answering the question posted above: how to combine 
two conditions of work and to maintain damping and 
regenerative function at the same time. 

In order to get the best efficiency of producing electric 
energy, EDD needs to work in the frequency close to 
resonance condition. At the same time, that condition allows 
vibration reduction from the road. 

For further research of behavior of that system, the problem 

of choosing optimal parameters should be solved. 
With the aim of obtaining sufficiently accurate and simple 

equations for the optimum parameters of the absorber, it is 
best to typically use a known property of a linear system with 
one damper. The ordinates of its presence on the frequency 
response are invariant points and do not depend on the value 
of damping. At these points, the curve of frequency response 
of the system, corresponding to different values of viscous 
coefficient, is intersected. 

Setting and damping of the absorber are determined by 
minimizing the maximum ordinate of the frequency response 
of one or the other kinematic parameter of vibrations of the 
main mass at a given value of the relative weight of the 
damper. This in turn is prescribed on the basis of ensuring the 
required level of the chosen quality criterion, subject to the 
conditions of the strength of the elastic element and limitation 
on the motion of the damper [9]. 

 

 

Fig. 6 Amplitude frequency response 
 

 

Fig. 7 Invariant points of current system 
 
The amplitude of oscillations of the main mass, which is equipped with a damper, has two invariant points in Fig. 7. 
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The ordinates of these points, at a fixed value of relations of 
mass, depend only on settings of damper and under any values 
of viscous coefficient do not exceed the highs frequency 
response and are located in the vicinity of these points [10]. 

The standard setting of the damper shall be appointed by 
minimizing the largest of the ordinates of invariant points, the 
viscous coefficient is chosen such that the tangents to the 
invariant points have the minimum slope. In this case, at least 
most of coordinates showing the amplitude of the main mass 
at the unstable frequency disturbance will be provided [11]. 

This common method of optimization is aimed at finding 
optimal parameters for damping. However, the aim of current 
research is to obtain optimal parameters for carrying out two 
functions at the same time: damping and regeneration. 

For damping, important parameters are the protected mass, 
the mass of damper, and the viscous coefficient. Using the 
current method of optimization would be correct for only 
damping properties. Parameters for efficient regeneration are 
the values of velocity, acceleration, and amplitude of tuned 
mass damper. These parameters should be taken into 
consideration, for developing a complex method of 
optimization. Therefore, the optimization of system for two 
groups of independent parameters will be created in the further 
research work.  

V. CONCLUSION 

A further objective of the study is to create techniques for 
system optimization for two key parameters: the maximum 
efficiency of regeneration of electrical energy and the high 
damping properties of the system. Another important task is to 
expand the operating range and to define the scope of 
application for such dampers, taking into consideration the 
transition process. 

The next step is to learn a second condition of device 
operation, when the solenoid is excited by an alternating 
current of a certain frequency, thereby affecting the 
oscillations of the TMD and the protected mass. For that case 
of movement, there is also a need to create a complex method 
of optimization. According to the results of optimization, the 
efficiency of the overall system and the feasibility of this 
method will be obtained.  

Additionally, the system excited by an alternating current of 
a certain frequency needs to be controlled. Therefore, 
developing of a program and algorithm for controlling, and 
methods of control becomes a task of this research. 

The final step of the research is to create methods of 
optimization for two conditions of operation at the same time 
and to control the current system with optimal parameters. 
This includes high efficiency of regeneration and damping 
functions. 
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