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Abstract: The paper summarises the results of laboratory testing of an energy harvesting vibration reduction system based on a magne-
torheological (MR) damper whose control circuit incorporates a battery of bipolar electrolytic capacitors (current cut-off circuit). It is de-
signed to reduce the undesired effects in vibration reduction systems of this type, associated with the increasing amplitude of the sprung 
mass vibration under the excitation inputs whose frequency should exceed the resonance frequency of the entire system. Results have 
demonstrated that incorporating a current cut-off circuit results in a significant decrease of sprung mass vibration amplitudes when the fre-
quency of acting excitation inputs is higher than the resonance frequency. 
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1. INTRODUCTION 

One of the first studies on MR-damper based vibration reduc-
tion systems with energy harvesting capability was the work (Choi 
et al., 2007) investigating the performance of an electromagnetic 
energy harvester converting the energy of vibration into electric 
power supplying the control coil in an MR damper. The harvester 
was able to generate sufficiently high energy to power-supply the 
RD-1097-01 damper (Lord Co) in the analysed system. Further 
works provide information about other design versions of electro-
magnetic harvesters, methods of their integration with MR damp-
ers and suggested implementations in vibration reduction sys-
tems. For example, Chen and Liao (2012) presents theoretical 
and experimental studies of an MR damper prototype which had 
self-powered and self-sensing capabilities. The work (Choi and 
Werely, 2009) investigates experimentally a smart passive control 
system comprising an MR damper and an electromagnetic induc-
tion device to generate electrical power. The studies: Sapiński, 
(2008) and Sapiński (2010) concern design considerations, calcu-
lations of magnetic field and experimental tests of the electromag-
netic induction devices, that could be integrated with an MR 
damper. The reports (Wang et al., 2009) and (Wang and Bai, 
2013) demonstrate the idea of an integrated relative displacement 
self-sensing MR damper and also designing, fabrication and 
experimental testing of its prototype. The study (Xinchun et al., 
2015) presents a novel self-powered MR damper focusing on its 
theoretical and experimental analysis. The work (Zhu et al., 2012) 
describes self-powered and sensor-based MR damper systems 
and its usefulness in large-scale civil constructions where the 
power supply is impractical. 

It is worthwhile to mention that such harvesters can act not 
only as power generators, but as velocity sensors as well. A com-
prehensive review of literature on the subject of energy harvesting 
and recent advancements in MR dampers is provided in Ahmed et 
al. (2016). 

Research data demonstrate that MR damper-based vibration 
reduction systems with energy harvesting capability are able to 
effectively reduce  the amplitude of the sprung mass vibration in 
the neighbourhood of the resonance frequency. However, be-
cause the harvester and a MR damper are connected in between 
the sprung mass and the source of vibration, the amplitude of the 
sprung mass vibrations will significantly increase when the excita-
tion frequency becomes higher than the resonance frequency 
of the system (Sapiński, 2011; Sapiński et al., 2011). This unde-
sired effect is attributed to the increased amount of energy gener-
ated by the harvester (increasing the relative velocity), hence the 
amount of energy supplied to power the MR damper control coil 
has to rise, which in consequence leads to an increase of dissi-
pated energy. This problem can be overcome by incorporating 
a passive (Jastrzębski and Sapiński, 2016) or controlled electric 
circuit connected in between the harvester coil and the MR damp-
er control coil (Sapiński et al., 2011; 2016). 

 

Fig. 1. Frequency response of the vibration reduction system 
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Fig. 1 shows vibration transmissibility of a 1 DOF system, for 
three variants of the damper coil supply type (NS – no power 
supply, DS – directly supplied from the harvester, SC – supplied 
from the harvester via a battery of capacitors. Three characteris-
tics frequency ranges are designated as I, II, III. 

In the low frequency range I (f << fr), vibration amplitudes are simi-
lar in all three investigated cases. In the frequency range II (f ≈ fr) 
in  the DS case the vibration amplitude  tends to decrease in relation 
to that registered in the NS case. In the frequency range III (f >> fr) the 
amplitude of vibrations in the case DS increases when compared to 
NS. This undesired effect is not observed in the SC case.  

It is suggested, therefore, that a battery of capacitors comprising 
a current cut-off circuit should be connected in between the harvester 
coil and the MR damper coil. Consequently, at frequencies in excess 
of fr, the current in the damper coil will be cut–off, thus enabling the 
amplitudes of the sprung mass vibrations to be effectively reduced. 

2. CURRENT CUT-OFF CIRCUIT 

Fig. 2 shows the schematic diagram of the electric circuit compris-
ing the harvester coil (Rh, Lh), capacitor batteries (C1, ...., Cn) and the 
damper coil (Rd, Ld). It is worthwhile to mention that at frequency f<<fr, 
reactance of the condenser battery Xc→∞, hence ih ≈ id. At frequency 
f>>fr, reactance Xc →0 and hence the current id→0 (ih ≈ ic). Accord-
ingly, the capacitance of the capacitors’ battery has to be precisely 
controlled in relation to the resonance frequency fr. Thus, the effects of 
the capacitors’ capacitance on frequency characteristics of the current 
cut-off circuit and the vibration reduction system are analysed and 
comparison is made of the system’s performance in the NS, DS, SC 
cases. The battery comprised 2, 4, 6, 8 capacitors connected in 
parallel, each having the capacitance 4700 μF and voltage rating 35 
V, the total capacitance of the battery being 9.4 mF (variant SC1), 
18.8 mF (variant SC2), 28.2 mF (variant SC3) and 37.6 mF (variant 
SC4). 

 
Fig. 2. Schematic of the electric circuit: harvester coil, capacitors,  
            damper coil 

In the first stage the relationship was established between the im-
pedance of the system and frequency, and the effectiveness of cur-
rent cut-off in the damper coil was investigated. The diagram of the 
measurement system is shown in Fig. 3 The hardware includes a 
power supply, a power amplifier (based on an operational amplifier 
OPA549 and integrated circuits for output current and voltage meas-
urements), a PC with an AD/DA card and current-to-voltage convert-
ers. The software is supported by the MATLAB/Simulink environment. 
The excitation signal applied was a sinusoidal current ih with ampli-
tude 0.5 A and frequency f from the range 0.1 – 10 Hz, varied with the 
step 0.1 Hz (current mode of the amplifier operation). 
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Fig. 3. Diagram of the measurement system for current cut-off circuit  

Fig. 4 – 6 summarise the test results presented as impedance 
vs frequency plots. The modulus of total impedance of the system 
│Zc│ (see Fig. 2) is derived from formulas (1), likewise the 
impedance │Z│ is expressed as Uh/Ih. 
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Fig. 4. Module of total impedance |Zc| vs. frequency f 

 
Fig. 5. Module of impedance |Z| vs. frequency f 
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Fig. 6. Current ratio Id /Ih vs. frequency f 

It appears that at frequency f=0.1 Hz, the difference between 
│Zc│ and │Z│is equal to the internal impedance of the 
harvester, which is 0.65 ῼ (compare Figs. 4 and 5). In the case 
DS, an increase in frequency gives rise to increase of both │Zc│ 
and │Z│, which is revealed when f >1 Hz (the circuit behaviour 
becomes resistive and inductive). In the case SC a reverse effect 
is observed, i.e. │Zc│ and │Z│ tend to decrease whilst the circuit 
behaves like a resistive-capacitive one. The impedance modulus 
│Zc│ decreases √2- fold, respectively at f >6.4 Hz (SC1), f >2.8 
Hz (SC2), f > 1.7 Hz (SC3) and f >1.2 Hz. At frequency f=0.1 Hz, 
Ih=Id, due to a large impedance of capacitors (see Fig. 6). When 
frequency f increases, the current in capacitors increases too 
because their impedance will go down, causing the current Id in 
the damper coil to decrease (current cut-off). Current Id is √2- fold 
lower than Ih at frequencies f > 4.8 Hz (SC1), f >2.3 Hz (SC2),  
f >1.5 Hz (SC3), f >1.1 Hz (SC4). 

3. MR SELF-POWERED VIBRATION REDUCTION SYSTEM 
WITH CURRENT CUT-OFF 

The current cut-off circuit outlined in the previous section has 
been implemented in a MR damper-based vibration reduction 
system with energy harvesting capability (1 DOF system). Tests 
were performed to investigate how the capacitors’ capacitance 
should affect the frequency characteristics of the system. Thus 
obtained results were compared with those obtained when inves-
tigating NS and DS cases. 

The experimental set-up (Fig. 7) described in more detail 
in Sapiński et al. (2010) consisted of the electro-dynamic shaker 
(model V780 manufactured by the LDS Company), a mobile 
platform (sprung mass) with the mass 100 kg, a vibration reduc-
tion system (electromagnetic harvester (Sapiński, 2010) and a 
Lord Co. RD-1005-3 series MR damper), a spring with the stiff-
ness coefficient k=105 N/m and sensors S1-S3. The sprung mass, 
damper, a harvester and springs comprise a 1 DOF system 
whose natural frequency equals f0=5 Hz. Displacements of the 
shaker core z(t) and of the platform x(t) were measured with laser 
sensors (S1, S2). Measurements of the damper force Fd (S3) were 
taken with a force sensor. Current levels in the harvester coil ih 
and in the damper coil id were measured using current-to-voltage 
converters. 

Experiments were conducted under the applied sine excitations 
z(t) with the amplitude 3.5 mm and frequency varied in the range  

2 – 10 Hz, with the step 0.1 Hz. Measurements signals were regis-
tered within the time period 20 s, the sampling frequency being 1 kHz. 

Figs 8–13 show the frequency characteristics obtained in the NS, 
DS, SC cases. The displacement transmissibility coefficient Txz is 
derived from formula (2). Frequency characteristics provided in further 
sections involve the rms values of investigated quantities. 
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Fig. 7. Schematic diagram of the experimental set-up 
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Fig. 8. Transmissibility coefficient Txz vs. frequency f 

The maximal value of Txz (Fig. 8) is 2.92 (NS case) and 1.6 
(DS case), obtained at respective frequencies f=4.5 Hz and f=5 
Hz. It appears that the maximal amplitude of vibration registered 
in the DS case is nearly 1.8-fold lower than in the NS case. Inter-
estingly, at frequency f=10 Hz, the amplitude of vibrations in the 
DS case is found to be 1.8-fold higher than in the NS case.  

In the frequency range (2, 8) Hz in which the values of Txz tend 
to decrease in relation to the NS case, the variants SC3 and SC4 
appear to be most favourable. Further, in the entire frequency 
range the amplitude of vibrations in the variant SC4 was lower 
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when compared to DS. At frequency f=10 Hz, Txz in the SC case 
was found to be 1.4-fold lower in relation to DS case and 1.3-fold 
higher than in the NS case. 

 

Fig. 9. Relative velocity Vxz vs. frequency f 

The highest rms values of relative velocity Vxz are registered 
in the case NS, in the frequency range (3, 8) Hz, and in the DS 
case at frequencies f > 8 Hz (see Fig. 9). In the frequency range 
(2, 3) Hz the values of Vxz registered in the cases NS, DS, SC are 
found to be similar. 

 

Fig. 10. RMS harvester voltage Uh vs. frequency f 

When comparing plots in Figs. 9 and 10, it is apparent that the 
rms value of Uh in the NS case is proportional to relative velocity 
Vxz, reaching its maximal value at frequency f=5 Hz. In the DS and 
SC cases, voltage Uh tends to increase with frequency f. It 
appears that for the same velocity Vxz, the voltage Uh registered in 
the variant SC4 is lower than in the variant SC3, which is 
attributable to higher currents Ih in the circuit.  

It is readily apparent (see plots in Fig. 11) that rms value of 
current Ih tends to increase with increasing capacitance of the 
condenser battery. At frequency f=10 Hz, the current output Ih in the 
variant SC is 5 times as high as that registered in the variant SC1 and 
that registered in the variant SC4 is 9 times higher than in the DS 
case. 

 

Fig. 11. RMS harvester current Ih vs. frequency f 

 

Fig. 12. RMS damper current Id vs. frequency f 

 

Fig. 13. RMS damper force Fd vs. frequency f 

In the DS case an increase in frequency f results in an 
increase of the current rms value Id (Fig. 12). In the variants SC2, 
SC3, SC4 no significant increase of the current Id is registered at 
frequencies f > 6 Hz, which is attributed to a slower rate of voltage 
increase Uh (see Fig. 10) and a higher reactance Xc of the 
condenser battery. Actually, the higher the capacitance of the 
condenser battery, the lower current Id at the frequency f > 6 Hz. 

The lowest rms values of the damping force Fd (Fig. 13) are 
registered in the NS case. The maximal value of the force Fd is 
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attained at the frequency f=4.9 Hz, coinciding with the maximal 
velocity Vxz (see Fig. 9). In the case DS, force Fd tends to increase 
with frequencies, at frequencies f < 8 Hz. For frequencies in ex-
cess of 8 Hz, the force Fd remains constant. In the SC case, at 
frequencies f >7 Hz, the force Fd  has lower values when com-
pared to the DS case, which can be attributed to decrease in 
current Id (see Fig. 12) and velocity Vxz (see Fig. 9). 

4. SUMMARY 

Investigations of a MR damper-based vibration reduction sys-
tem with energy harvesting capability clearly demonstrate that 
at frequencies in excess of the resonance frequency, the increase 
of the vibration amplitude can be limited through the use 
of a current cut-off circuit (consisting of a battery of bipolar electro-
lytic capacitors). Results show that the system performance in the 
variant SC3 and SC4 is most satisfactory in terms of effective 
reduction of the sprung mass vibration amplitudes. Comparison 
of vibration amplitudes registered in those two variants and in the 
DS case reveals their decrease in the entire frequency range. 
As regards the NS case, however, amplitudes tend to decrease 
in the frequency range (2, 8) Hz only.  

In particular, at frequency 10 Hz the vibrations amplitude 
in the variants SC3 and SC4 is higher by 30% than that registered 
in the NS case, whilst in the DS case, there is an amplitude in-
crease by nearly 80%. 

Further research efforts will focus on investigations of passive 
circuits utilising the voltage resonance effects, in order to improve 
the overall performance of a MR damper-based vibration reduc-
tion system with energy harvesting capability. 
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