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ABSTRACT 

This paper presents the design of an experimental electromechanical device for vibration control and 

energy harvesting. Traditionally, when the broadband resonant response due to a selected mode of a 

lightly damped structure needs to be controlled a vibration absorber is used. The resonance frequency 

of the absorber can be chosen to minimise the response of the structure under control. Optimising the 

damping ratio to achieve this aim also dissipates the most power in the damper, but care must be taken 

not to exceed the maximum throw of the device at high excitation levels. The absorber may also be 

mistuned by changes in operation condition and thus underperform. It is thus important to be able to 

design tuneable vibration absorbers, able to adapt their resonance frequency and their damping ratio 

depending on the operation condition. 

In this paper an electromechanical device consisting of a pendulum connected to an electrical motor is 

proposed. It is shown that by shunting the terminal of the device with an appropriate electrical circuit it 

is possible to control both its resonance frequency and its damping ratio. The power dissipated in the 

resistive part of the shunt circuit could also be harvested and used to implement the tuning mechanism, 

or for other purposes.  
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1 INTRODUCTION 

Dynamic vibration absorbers consists of single degree of freedom systems which are attached 

to a host structure in order to control its motion [1]. Such devices were originally patented in 1911 

[2] and since their invention they have been widely used in different applications such as civil [3-5] 

and aerospace [6-8] structures just to mention a few. Depending on the application these devices can 

operate in different ways. For example they can be operated to reduce the motion of the host structure 

only at a particular forcing frequency, in which case the devices natural frequency is tuned to this 

excitation frequency and the damping of the device should also be as low as possible. In this case the 

device is then often known as a ‘‘vibration neutraliser’’. Another way to operate these devices is to 

attenuate the vibration due to a resonant mode of the structure over a range of frequencies. In this 

case the devices is sometimes referred to as a ‘‘tuned mass damper’’ (TMD) or ‘‘dynamic vibration 

absorber’’ (DVA). A vast literature is devoted to the optimal tuning of the natural frequency and 

damping ratio of these devices. The selected mode of the host structure is generally modelled as a 

single degree of freedom system for this optimisation, often without any inherent damping. A 

summary of some of the optimisation criteria can be found in reference [9]. 

One problem of using these device is that the operating conditions (e.g. temperature, pressure 

tension in the structure) or changes in excitation frequency may results in a mistuning of their natural 

frequency and damping which in the worst case may result in an enhancement of the vibration level 
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of the host structure. For this reason adaptive tuned vibration absorbers (ATVAs) have been proposed 

to adaptively tuning their stiffness and damping depending on the system state [5, 7]. Considerable 

ingenuity has been put into tuning the stiffness and damping of ATVAs [10-12]. Some of the solutions 

suggest to vary, the shape of the suspension [13], the number of the active coil in the spring [10] or 

using magneto-rheological fluid [11]. These solutions may add complexity and increase the cost of 

these devices for a limited tuneable range of their natural frequency and damping ratio. 

Electromagnetic devices can also be used as ATVAs by connecting an appropriate shunt circuit 

to the transducer terminals. Different types of shunt can be used in order to change the resonance 

frequency and damping ratio of the absorber. The shunt may include passive resistive, capacitive or 

inductive loads for example. In this case the tunable range may be limited by the electro-mechanical 

coupling of the transducer used thus, synthetic electrical circuits, which can potentially provide very 

high capacitance and inductance as well as negative electrical circuit elements may be employed. 

Some example of these devices can be found in references [12, 14-20].  

Another control approaches involving electromagnetic devices is the use of switching shunt 

electronics where the shunt impedance can be rapidly switched or gradually swept through different 

values. This technique has been successfully implemented, even though requires fast digital logic, 

more complicated switching circuitry and introduces nonlinearities into the system [21-26]. 

Even if the use of synthetic circuits may increase the performance of the ATVAs particular care 

must be taken in ensuring the stability of the system especially when negative values of the electrical 

components are used. Also another drawback is that they require external energy to operate. 

It has been previously shown that rotational electro-magnetic motor offers a higher electro-

mechanical coupling compared to linear motor of equivalent weight [27]. This suggests that passive 

electrical circuits may be used to shunt rotational motors allowing changes of the resonance frequency 

and damping ratio of the absorber in a wider rage compare to a linear absorber. In this paper a 

preliminary study on the design of an adaptive pendulum absorber using a shunted DC motor is 

presented. 

The paper is divided in 6 sections. In section 2 the experimental set-up is described. In section 

3 the mathematical model is derived and is validated against measured data in section 4. Section 5 

presents simulation results on the use of a capacitive load to change the dynamics of the absorber. 

Final conclusions are given in section 6. 

2 EXPERIMENTAL SETUP 

The vibration absorber considered in this paper consists of a pendulum connected to a DC 

electrical motor. A picture of the experimental set-up is shown in Figure 1(a).  

 

Figure 1 - (a) Experimental pendulum; (b) electromechanical scheme of the pendulum 
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The motor used for this application is a Maxon DC motor (model 353301) which is equipped 

with an encoder (model HEDS 5540) to measure the rotation of the pendulum around the pivot. The 

physical and geometrical parameters of the electro-mechanical pendulum are summarised in Table 1. 

Figure 1(b) shows a scheme of the pendulum with moment of inertia 𝐼 and mass 𝑚. Also shown is 

the electrical circuit of the motor including the internal resistance 𝑅𝑖 and inductance 𝐿𝑖 of the coil and 

the shunt impedance 𝑍𝐿 connected to the terminals of the motor. The electro-mechanical coupling 

produces a voltage proportional to the rotational velocity of the pendulum �̇� and generates a moment 

on the pendulum proportional to the current 𝑖 flowing in the electrical circuit via the coupling 

coefficient 𝐾𝑡. In the next section the equation of motion of the electro-mechanical pendulum are 

derived. 

Table 1 - Physical and geometrical parameters of the 

electromechanical pendulum 

Parameter Value 

Pendulum 

Mass 𝑚 = 0.22 kg 

Length 𝑙 = 0.35 m 

Gravitational acceleration 𝑔 = 9.81  m/s2 

Natural frequency 𝑓𝑛 =1.05 Hz 

Moment of inertia 𝐼 = 0.0084  kg m2 

Viscous damping 𝑐 = 1.92 × 10−4 Nms/rad 

Fiction damping coefficient 𝑐𝑡 = 0.018 Nms/rad 

Static friction coefficient 𝑘𝑠 =0.1 Nm 

Minimum velocity �̇�𝑠 = 0.5 rad/s 

Motor 

Make Maxon DC motor 

Model 353301 

Electrical resistance 𝑅 = 1.8 Ω 

Coupling coefficient 𝐾𝑡 = 245 × 10−3 Nm/A 

Encoder 

Make Maxon sensors 

Model HEDS 5540 

Counts per turn 500 

3 MATHEMATICAL MODEL 

In this section the mathematical model of the electromechanical pendulum absorber is derived. 

With reference to figure 1(b) the equation of motion of the pendulum can be written as:  

𝐼�̈� + 𝑓(�̇�) + 𝑘 sin(𝜃) = 𝑁 (1) 

where 𝜃 is the rotation of the pendulum in radiant, 𝐼 is the moment of inertia given by 𝐼 =

𝑚𝑙2/3 where 𝑚 and 𝑙 are the mass and the length of the pendulum respectively and 𝑘 =
𝑚𝑔𝑙

2
 where 

𝑔 is the gravitational acceleration. Finally 𝑓(�̇�) is a nonlinear damping function of the rotational 

velocity of the pendulum to be identified based on experimental measurements. The moment applied 

by the electrical motor to the pendulum due to the back electromotive force can be written as: 

𝑁 = 𝐾𝑡𝑖 (2) 

where 𝐾𝑡 is the electromechanical coupling of the motor and 𝑖 is the current flowing in the 

motor coil. From the scheme in figure 1 (b) the voltage 𝑢 across the terminals of the motor can be 

expressed by: 
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𝑢 = 𝑅𝑖𝑖 + 𝐾𝑡�̇� (3) 

where 𝑅𝑖 is the internal electrical resistance of the coil. Since the effect of the inductance on 

the dynamics of the pendulum in the frequency around the natural frequency of the pendulum is 

negligible, the inductive term in equation (3) has been neglected. 

In order to vary the resonance frequency of the pendulum a capacitive shunt can be connected 

to the terminal of the motor. In this case the voltage across the motor terminals can be written as: 

𝑢 = −
1

𝐶𝐿
∫𝑖 𝑑𝑡 (4) 

where 𝐶𝐿 is the capacitance of the shunt. Substituting equation (4) in (3) the current 𝑖 can be 

written as: 

𝑖 = −
1

𝐶𝐿𝑅𝑖
∫ 𝑖 𝑑𝑡 −

𝐾𝑡

𝑅𝑖
�̇� (5) 

Substituting equation (5) in (2) and then in (1) yields 

𝐼�̈� + 𝑓(�̇�) + 𝑘 sin(𝜃) = −
𝐾𝑡

𝐶𝐿𝑅𝑖
∫𝑖 𝑑𝑡 −

𝐾𝑡
2

𝑅𝑖
�̇� (6) 

Rearranging the terms in equation (7), the angular acceleration can be written as: 

�̈� = −
𝐾𝑡

𝐼𝐶𝐿𝑅𝑖
∫𝑖 𝑑𝑡 −

𝐾𝑡
2

𝐼𝑅𝑖
�̇� −

𝑓(�̇�)

𝐼
−

𝑘

𝐼
sin(𝜃) 

(7) 

3.1 Identification of the damping force 

In this subsection a model of the damping function 𝑓(�̇�) is identified based on experimental 

measurements. The equation of motion in open circuit condition is given by: 

𝐼�̈� + 𝑓(�̇�) + 𝑘 sin(𝜃) = 0 (8) 

and thus the damping function 𝑓(�̇�) can be calculated as: 

𝑓(�̇�) = −𝐼�̈� − 𝑘 sin(𝜃) . (9) 

Imposing an initial condition of zero velocity and 𝜋/2 radiant displacement, the angular 

displacement, 𝜃, shown in Figure 2 (a) has been measured using the encoder. Figure 2 (b) shows the 

angular acceleration obtained by a double time derivative of the angular displacement. Since the 

encoder gives 500 pules per turns the displacement signal is characterised by a step pattern.  

 

 

Figure 2 - time history of (a) angular displacement and angular acceleration for an initial 

displacement of about 𝜋/2 radiant displacement. 

Therefore the time derivative of such a signal tends to a infinity value at every pulse of the 

encoder thus the displacement signal needs to be smoothed before a time derivative is performed. It 

is important that both the acceleration and the displacement are both smoothen with the same filter 
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in order to avoid time delays between the two signals which may lead to an incorrect estimate of the 

damping function in equation (9). 

The solid line in figure 3 shows the damping function as a function of the angular velocity. The 

plot shows that the damping function is characterised by a viscous damping plus a friction type 

damping. It is therefore assumed that the damping function is given by: 

𝑓(�̇�) = 𝑐𝑠�̇� + 𝑐𝑡 tanh(θ̇) (10) 

where the viscous damping coefficient 𝑐𝑠 and the friction damping coefficient 𝑐𝑡 given in table 

1 are obtained by a curve fitting to the measurement. The theoretical model of the damping force is 

shown by the dashed line in figure 3. 

 

Figure 3 - measured damping force (solid line) and curve fitting (dashed line) 

Substituting equation (10) in (7) the angular acceleration can be written as: 

�̈� = −
𝐾𝑡

𝐼𝐶𝐿𝑅𝑖
∫𝑖 𝑑𝑡 −

𝐾𝑡
2

𝐼𝑅𝑖
�̇� −

𝑐�̇� + 𝑐𝑡 tanh(θ̇)

𝐼
−

𝑘

𝐼
sin(𝜃) (11) 

Equation (11) can be rewritten using a state space formulation as: 

�̇� = 𝑨𝒙 + 𝑲sin(𝒙) + 𝑪𝒕tanh(𝒙) (12) 

where the state vector is 𝒙 = [𝜃 �̇� ∫ 𝑖 𝑑𝑡]𝑇 and the state space matrices are given by: 

𝑨 =

[
 
 
 
0 1 0

0 −𝑐/𝐼 −
𝐾𝑡

2

𝐼𝑅𝑖
−

𝐾𝑡

𝐼𝐶𝐿𝑅𝑖

0 −
𝐾𝑡

𝑅𝑖
−

1

𝐶𝐿𝑅𝑖 ]
 
 
 

         𝑲 = [

0 0 0

−
𝑘

𝐼
0 0

0 0 0

]         𝑪𝒕 =

[
0 0 0
0 −𝑐𝑡/𝐼 0
0 0 0

] 

(13) 

In order to take into account the static friction of the pendulum the following condition in the 

numerical simulations has be used: 

if |�̇�| < �̇�𝑠  and |𝑘 sin(𝜃) | < 𝑘𝑠   ⇒   𝜃(𝑛 + 1) = 𝜃(𝑛)  and  �̇�(𝑛 + 1) = 0 (14) 

where 𝑛 is the number of iteration �̇�𝑠 is the velocity before the pendulum stops and 𝑘𝑠 is the 

static force obtained from experimental data. 

4 MODEL VALIDATION 

In this section the model identified in the previous section is validated against experimental 

measurements. In this early stage of the design of the electro-mechanical absorber it was not been 

possible to excited the pendulum imposing a displacement of the pivot therefore the tests were 
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conducted imposing an initial angular displacement. The dashed line in Figure 4 shows the time 

history of the measured (a) displacement, (b) velocity, (c) acceleration and (d) voltage when an initial 

displacement of about 𝜋/2 radiant is imposed. The solid line shows the same quantities obtained from 

the numerical integration of the equation of motion of the system with the same initial conditions. 

The graphs show that the experimental a simulated results are in a reasonable agreement.  

 

Figure 4 - measured (dashed line) simulated (solid line) (a) displacement, (b) velocity, (c) 

acceleration and (d) voltage for an initial condition of about 𝜋/2 displacement in open circuit 

condition. 

Figure 5 shows the measured (dashed line) and simulated (solid line) time history of the (a) 

displacement, (b) velocity and (c) acceleration when the terminal of the electrical motor are short 

circuited. Once again the measured and simulated results are in agreement. The plots shows a small 

discrepancy between the model and experimental data in predicting the static behavior of the 

pendulum once the oscillation has fed away. Comparing the behavior of the pendulum from the open 

circuit condition, shown in figure 4, to the short circuit condition, shown in figure 5, it can be noticed 

that the effect of the shunt is to damp the oscillation of the pendulum due to the electromechanical 

coupling of the DC motor. This suggest that by varying the value of the shunt resistance it is possible 

to accurately tune the mechanical damping of the absorber. In the next section the effect of a shunt 

capacitor is taken into account in order to vary the resonance frequency of the absorber. 
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Figure 5 - measured (dashed line) simulated (solid line) (a) displacement, (b) velocity, (c) 

acceleration and (d) voltage for an initial condition of about 𝜋/2 displacement in short circuit 

condition. 

5 NUMERIACAL SIMULATION OF A CAPACITIVE SHUNT 

In this section the effect of a capacitor shunt on the dynamics of the absorber is considered. In 

this early stage of the absorber design only simulation results are shown in this section.  

 

Figure 6 - frequency response function between the angular velocity and a harmonic 

excitation moment at different frequencies and amplitude of 0.02 Nm. Open circuit (solid line), 

shunted with a capacitance of 0.1 F (faint line), 1 F (dashed line), short circuit (dotted line) 
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Figure 6 shows the simulated frequency response function (FRF) between the angular velocity 

of the pendulum and an excitation moment applied at the pendulum pivot for different values of the 

shunt capacitor. The tick line in figure 6 shows that when the terminals of the motor are disconnected 

(open circuit) the response of the absorber is characterized by a single lightly damped resonance peak. 

When a capacitive shunt is connected to the terminals of the motor and is progressively increased the 

resonance frequency of the absorber is shifted down in frequency. Together with the change of the 

pendulum resonance frequency, the effect of the capacitive shunt is also to damp the response of the 

system. If the shunt capacitance is further increased the effect of the shunt is to increase the damping 

in such a way that almost no shift in the resonance frequency is visible anymore. If the value of the 

shunt capacitance tends to infinity, thus the impedance of the shunt tends to zero, the motor is short 

circuited and the damping in the system is maximised. 

 

 

Figure 7: (a) damping ratio and (b) resonance frequency as a function of the capacitive load 

Figure 7 shows (a) the damping ratio and (b) the resonance frequency of the absorber as a 

function of the capacitive shunt. The graphs shows that the damping ratio increases from about 16 % 

in the open circuit condition to about 45% when the motor terminals are short circuited. As the shunt 

capacitor is increased the resonance frequency of the absorber starts to decreases until it reaches a 

minimum when 𝐶𝐿 = 0.1 F and increases again as the shunt capacitor is further increased. 

 

 

Figure 8 - Angular displacement open circuit (solid line) and with a 0.1 F capacitor (dashed 

line) for an initial condition of 𝜋/2 radiant displacement and zero velocity  
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Figure 8 shows the time history of the angular displacement in open circuit (solid line) and 

when a shunt capacitor of 0.1 F is connected to terminals (dashed line) when an initial angular 

displacement of 𝜋/2 radiant is imposed. The graph confirms that the effect of the capacitor is to 

reduce the resonance frequency as well as to damp the response of the absorber. 

6 CONCLUSION 

This paper has presented an initial study on the design of a tuneable pendulum vibration 

absorber. The absorber consists of a pendulum connected to a DC motor. The equation of motion of 

the system has been derived and a damping model has been identified from the experimental data. It 

has been experimentally shown that by connecting a resistive load it is possible to vary the damping 

of the absorber from about 16% in open circuit condition to 45% in short circuit condition. 

Simulation results has shown that by connecting a pure capacitive load to the terminals of the 

motor it is possible to reduce the resonance frequency of the absorber by about 10%. Together with 

a decrease of the resonance frequency an increase of the damping of the device has been also 

observed. 

The experimental implementation of a capacitive load is currently under investigation. Due to 

the high values of the capacitance, super capacitors may be considered for this application.  
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