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Abstract: The study deals with the experimental examination of a magnetorheological (MR) damper control system with vibration energy 
harvesting using a specially engineered electronic unit (EU). Unlike a typical MR damper control system, which requires an external energy 
source, the developed system is powered exclusively by energy extracted from a vibrating structure (mechanical system with one-degree-
of freedom) and processed through the EU. The work describes the structure and functions of the EU, presents the test rig and the control 
algorithm implementation, and discusses the test results of the control system under harmonic kinematic excitations of low frequency 
range. 
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1. INTRODUCTION 

Research interest on vibration energy harvesting has been 
growing rapidly. The topic has emerged as a promising solution 
for regenerative power due to increasing demand for self-powered 
technologies. Recent studies and developments in techniques for 
vibration energy harvesting have been widely reported in the 
literature [e.g. 1‒5]. 

The kinetic energy present in vibrating structures, such as ve-
hicle suspensions, civil structures and others, can provide sus-
tainable power. The energy extracted from these structures by the 
use of harvesters is converted into usable electrical energy with 
requirements ranging from large‐ to small‐scale power. The limita-
tion of vibration harvesting techniques is performance of the pow-
er output. The harvester is usually designed in such a way that the 
maximum amount of energy it recovers is obtained at the resonant 
frequency of the vibrating structure [6, 7]. Moreover, the harvester 
excited by the structure produces AC power, which must be pro-
cessed before it can be used with any sensor, actuator or condi-
tioning/control electronics requiring DC power. Most often, a 
bipolar Graetz bridge rectifier is applied for this purpose, which 
directly powers the load [8, 9], or a DC–DC voltage converter 
based on a dedicated integrated circuit [10] or on a microcontroller 
(µC) [11]. 

This study concerns the magnetorheological (MR) damper 
control system with vibration energy harvesting using a newly 
developed electronic unit (EU). The objective of the research is to 
examine this system and to demonstrate its applicability for effec-
tively controlling the MR damper employed in a mechanical sys-
tem with one-degree-of freedom. This is done with the assumption 
that the level of energy extracted from the structure and converted 
into electrical energy enables the EU and applied sensors to be 

powered as well as the MR damper to be controlled [12]. To con-
trol the MR damper, we employ a typical sky-hook algorithm 
whose task is to shape the current in the MR damper coil in such 
a way that it enables reducing the amplitude of sprung mass 
vibrations at frequencies that are higher than the resonant fre-
quency [13]. 

The remainder of this article is structured as follows. Section 2 
presents a concept and components of the MR damper control 
system with vibration energy harvesting. Section 3 describes the 
test rig. Section 4 concerns control algorithm implementation in 
the µC. Section 5 presents and discusses the results of tests 
conducted for the examined control system. The conclusions are 
drawn in Section 6. 

2. CONTROL SYSTEM 

2.1. Concept 

A general concept of processing of energy extracted from a 
vibrating structure into usable energy to power a device is illus-
trated Fig. 1. 

The diagram comprises three blocks. The first block concerns 
conversion of kinetic energy of the vibrating structure into electri-
cal energy using a harvester, whereas the second block refers to 
power processing using conditioning electronics, which enables 
AC–DC voltage conversion andthereafter DC–DC voltage regula-
tion. The third block refers to powering the load (current in the 
electrical circuit of a device). In the present study, the first block is 
represented by an electromagnetic harvester, the second by the 
EU and the third by the MR damper. 
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Fig. 1. Processing of the energy extracted from a vibrating structure  to power a device 

2.2. Components 

2.2.1. Electromagnetic harvester 

The working principle of the harvester is to use the Faraday’s 
law. The electromotive force induced in the harvester circuit is 
linked to the product of the flux linkage gradient and the velocity. 
The harvester is an improved version of the device developed in 
Sapiński’s study [14], and it is further modified as reported in a 
subsequent study by Sapiński [15]. The structure of the harvester 
is depicted in Fig. 2a. 

 
(a) 

 
(b) 

Fig. 2. Electromagnetic harvester: (a) structure,  
           (b) electromotive force vs. velocity 

It consists of a movable non-magnetic rod to which two sys-
tems of neodymium-boron magnets (six ring magnets each) are 
fixed. The systems of magnets face each other with the same 
poles and are separated by a ferromagnetic ring. The non-moving 
part of the device includes of a copper foil coil wound on a dia-
magnetic plastic spool attached to the ferromagnetic housing. The 
electric constant of the harvester, representing the relationship 
between the electromotive force induced in the coil and relative 
velocity of magnets, is equal to 18.5 Vs/m, whereas the resistance 
and inductance of its coil are, respectively, given as Rh = 0.25 Ω 
and Lh = 4.78 mH. The relationship between the electromotive 
force and the relative velocity of the device is provided in Fig. 2b. 

2.2.2. EU 

The EU is an improved version of the unit described in Kozieł 
et al.’s study [16]. The unit was developed for the MR damper-
based vibration control system with energy harvesting. The dia-
gram depicted in Fig. 3 shows that the EU consists of the follow-
ing blocks: the rectifier bridge (RB), the driver unit (DU), the low 
power µC and the internal power supplier (IPS). The most im-
portant difference between the present and earlier versions of the 
unit is that the former enables powering both the µC and the 
MEMS accelerometers employed in the EU measurement-control 
system exclusively with energy recovered from structural vibra-
tions. The use of MEMS accelerometers requires increased calcu-
lations and operations performed by the µC, which is due to the 
conversion of acceleration signals into velocity signals resulting 
from the adopted control algorithm. It should be noted that the EU 
has the ability to connect an energy storage acting as an addition-
al power source. However, this storage can only be used to power 
one of the EU units and not the MR damper coil. 
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Fig. 3.  Electronic unit 
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The main functions of the EU are: 

 conditioning of the voltage generated in the harvester coil uh, 
its rectification with high efficiency and smoothing and filtration 
to minimise the pulsation of the rectified voltage uDC; 

 production of stable 5 V and 3.3 V voltage sources for power 
supply of the EU circuits; 

 collection of measurement data for the control algorithm and 
internal diagnostics;  

 the capacitor smoothing ripples of voltage uDC in the bridge 
outlet are neglected;  

 accumulation of excess recovered energy in an energy stor-
age that can be used to power the EU when the amount of re-
covered energy is insufficient. 
The RB is responsible for rectifying the AC voltage uh gener-

ated by the harvester into DC voltage uDC. The RB consists of a 
bipolar rectifier (Graetz bridge) built on FET transistors operating 
as ideal diodes (reducing power losses). An electrolytic capacitor 
Cs = 62 mF, connected to the RB output, reduces voltage ripple. 
The voltage uDC supplies both the IPS and the MR damper 
through the DU. When the RB electronic circuits are powered by a 
stable voltage of 5 V, it operates with an efficiency >90%, and 
when the RB is not powered, it rectifies the voltage uh with lower 
efficiency using Schottky diodes built into the FET transistors. 

The IPS converts the voltage uDC to stabilised voltages of 5 V 
and 3.3 V, required by the RB, DU, µC circuits and the MEMS 
accelerometers. The voltage uDC is increased to the required 
level of 5 V by the TPS61200 DC/DC boost converter [17]. The 
voltage 3.3 V is produced by a linear LDO stabiliser powered by 
the voltage of 5 V. The IPS can also be supplied from the har-
vested energy storage with the voltage ues. The IPS turns on 
when the voltage uDC or ues is >0.7 V and turns off when the 
voltages uDC and ues are <0.3 V, using the ideal diodes ID2 and 
ID3. 

The DU is responsible for connecting/disconnecting the MR 
damper coil and the energy storage from the voltage uDC. The 
unit is built of two identical circuits, each of which consists of a 
part amplifying the control voltage uPWM and the FET transistor. 
The conditioning part is used to amplify and adjust the voltage 
uPWM, which ensures the operation of the FET at full clogging or 
saturation. The voltage uPWM can take the following states: low 
(0 V), high (3.3 V) and high impedance (H-Z). The DU can supply 
energy to only one receiver (MR damper coil or energy storage) at 
a time. When uPWM = 0 V or is in the H-Z state, the MR damper 
coil is powered. However, when uPWM = 3.3 V, it is powered from 
the harvested energy storage. Thus, the MR damper coil is at-
tached to the RB by default when the IPS and µC do not operate 
(then the control algorithm is not implemented and the uPWM is in 
the H-Z state). The diode ID1 prevents reverse current flow from 
harvested energy storage to the RB. 

The µC based on the 32-bit STM32L476G µC [18] performs a 
measurement-control function. It is responsible for the supervision 
of the conditioning of the harvested energy, the diagnosis of the 
EU, the production of the control signal uPWM and acquisition of 
measurement data. Acquisition of measurement data (voltages in 
the range 0–3.3 V) is carried out using two 12-bit analogue-to-
digital converters (ADC1 and ADC2) operating in direct memory 
access  mode. The voltages us1 and us2 from the sensors S1 and 

S2 corresponding to accelerations z̈ and ẍ are processed by the 
ADC1 converter, which operates in the 16-fold oversampling 
mode (filtering the signal by averaging subsequent samples) and 
the sampling frequency 4 kHz. The ADC2 converter processes 

input voltages from u0 do u10, enabling the acquisition of, respec-
tively, uh output voltage of the harvester, uDC voltage, iDC cur-
rent, ud voltage and id current in the MR damper coil, ues voltage 
and ies current in the harvested energy storage, and supply volt-
ages of 5 V and 3.3 V produced by the IPS. The ADC2 converter 
was configured to operate at a sampling rate of 16 kHz. To im-
plement the control algorithm for the current id, two hardware 
timers (TIM16 and TIM15) are used to generate interrupts of 1 ms 
and 100 µs, respectively. 

 
 

2.2.3. MR damper 

The MR damper is a controllable hydraulic device that dissi-
pates the kinetic energy of a vibrating structure. The amount of 
energy dissipated depends both on the relative velocity of the 
piston rod and the cylinder movement, as well as on the current 
values in the coil that generates the magnetic field in the annular 
orifice through which the MR fluid flows. In the present study, we 
use the RD-8040-1 damper of Lord Co. [19], and the structure of 
the same is as shown in Fig. 4a. The damper features two distinct 
hysteretic mechanisms of differing natures, mechanical/hydraulic 
(see force-velocity loops at various current levels in Fig. 4b) and 
magnetic (resulting from properties of ferromagnetic materials 
forming the device’s electromagnet circuit) [20]. The coil re-
sistance Rd of the RD-8040-1 damper is 5.5 Ω and the coil in-
ductance Ld is 125 mH. 

MR fluid Piston rodAccumulator Coil

Bearing & seal

Wires

Diaphragm Annular orifice

Piston

 

(a) 

 
(b) 

Fig. 4. Magnetorheological damper: (a) structure,  
 (b) force-velocity loops 
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3. TEST RIG 

The diagram of the test rig for examination of MR damper con-
trol with energy harvesting is depicted schematically in Fig. 5. The 
rig consists of three assemblies of elements: an electrodynamic 
shaker, a tested vibration control system with energy harvesting 
implemented in a mechanical system with one-degree-of freedom 
and an external measurement system. The mechanical system 
employs: an electromagnetic harvester, an MR damper (RD-8040-
1), a sprung mass (mobile steel platform with mass m = 150 kg), a 
helical compression spring with the stiffness coefficient k = 
100,000 N/m, and the EU. The natural frequency of the system, 
which is a compound of sprung mass, spring, MR damper and 
harvester, is given as f0 = 4.1 Hz. The external measurement 
system allows the following quantities to be acquired: shaker plate 
displacement z, sprung mass displacement x, harvester coil volt-
age uh and current ih, MR damper coil current id and MR damper 
force Fd. There needs to be a clear emphasis on the fact that the 
external measurement system is powered by an external power 
source. It is responsible only for the acquisition of the above 
quantities and does not participate in controlling the MR damper. 
The EU and the S1 and S2 sensors (operating independently of 
the measurement system) are powered exclusively by energy 
harvested from vibrations. The harvester force Fh and spring force 
Fs denoted in Fig. 3 were not measured in the conducted tests. 

 
Fig. 5. Test rig 

4. CONTROL ALGORITHM IMPLEMENTATION 

The algorithms applied to control the MR dampers are dis-
cussed in Choi et al.’s study [21]. The control algorithm affects, on 
the one hand, the complexity of the calculations performed by the 
µC, and on the other hand, the reduction in the amplitude of the 
sprung mass vibrations. It should be noted that the low power 
consumption of the EU requires limiting the clock frequency of the 
µC. As a result, this reduces the computing power and at the 
same time increases the time required to perform the necessary 
numerical calculations. This led us to consider the sky-hook algo-
rithm [22]. Given that the current level in the MR damper coil only 
affects the amount of energy dissipated, we assumed the sky-
hook algorithm which is dedicated to semi-active systems. Ac-

cording to this algorithm, the current ids in the MR damper coil is 
calculated according to the formula: 

𝑖𝑑𝑠 = {
𝑏|𝑥̇|   ;  𝑥̇(𝑥̇ − 𝑧̇) > 0

0        ;  𝑥̇(𝑥̇ − 𝑧̇) ≤ 0
     (1) 

where the ratio b = 2 A∙s/m was determined experimentally. 
To obtain a set current value ids, an on-off controller was im-

plemented in the µC determining the control signal uPWM as 
follows [23]: 

𝑢𝑃𝑊𝑀 = {
3.3 V ;  𝑖𝑑 < 𝑖𝑑𝑠

0  V  ;  𝑖𝑑 ≥ 𝑖𝑑𝑠
  

     

(2) 

The EU has been engineered to work with two MEMS accel-
erometers (S1 and S2) of type ADXL335 [24] with an analogue 
output measuring range of ±3.6 g and an analogue output sensi-
tivity of 300 mV / g (30.58 mV∙s2∙ m–1). The type of these accel-
erometers was decided based on their very low power consump-
tion (about 1.5 mW), which allows them to be powered by the EU 
(3.3 V voltage from the IPS). Since accelerometers S1 and S2 
measure acceleration ẍ and z̈, it is necessary for them to be 

converted into the corresponding velocity signals ẋ and ż by the 
µC. There is a close mathematical relationship between accelera-
tion and velocity that allows the reconstruction of the velocity 
signal based on the measured acceleration through integration 
[25]. However, due to the unknown initial velocity of a vibrating 
structure, direct integration is mostly impractical due to errors in 
initial values and background or sensor noise [26]. A nonzero 
constant velocity value added to the actual velocity of the sprung 
mass as a result of numerical integration causes the current value 
ids controlling the MR damper to be calculated incorrectly by the 
sky-hook algorithm. Therefore, the elimination of the integral 
constant becomes a key issue. The literature describes various 
methods for processing acceleration to velocity to reduce conver-
sion errors. They can be divided into two categories of numerical 
integration, in the frequency domain and in the time domain. The 
frequency method is to convert the acceleration signal to the 
frequency domain using Fourier transforms, and then determine 
the velocity using the transfer functions and the inverse Fourier 
transform [27‒29]. The key issue in the method of time domain 
integration is to remove the constant component resulting from 
numerical integration [29‒31]. In the present study, we used a 
simplified method of numerical integration in the time domain, 
assuming that only acceleration harmonics with a frequency of 2–
10 Hz would be processed. 

This method of velocity calculation ẋc(t) from acceleration 
takes place in three steps (see Fig. 6). 
 
Step 1.  

 Remove the constant component from the measured acceler-
ation; 

 determine the frequency f and the period T of acceleration 
using detection of zero-crossings of the signal 𝑥̈(t); and 

 determine the velocity 𝑥̇𝑖(t) by integration of acceleration 
using the rectangle method according to the formula: 

𝑥̇𝑖(𝑡) = ∫ 𝑥̈(𝑡)𝑑𝑡 ≈
𝑡

0

∑ 𝑥̈𝑗

𝑁

𝑗=1

∙ 𝑇𝑎𝑠   (3)  

where Tas = 1/fas is the sampling period of the acceleration 
signal by µC (fas = 1 kHz). 
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Step 2. 

 Calculate the average velocity 𝑥̇𝑎𝑣(t) for the current time t by 
summing the instantaneous velocity values in the time interval 
(t-T; T) and divide by the number N sum elements according 
to the formula: 

𝑥̇𝑎𝑣(𝑡) =
1

𝑇
∫ 𝑥̇𝑖(𝑡)𝑑𝑡 ≈

1

𝑁

𝑡

𝑡−𝑇

∑ 𝑥̇𝑖𝑗

𝑁

𝑗=0

 
            

(4) 

Step 3. 

 Subtract from velocity 𝑥̇𝑖(t) of its average value 𝑥̇𝑎𝑣(t); 𝑥̇𝑐(t) = 
𝑥̇𝑖(t) – 𝑥̇𝑎𝑣(t). 

t
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x i
x a

v
x c

Step 1 Step 2 Step 3

x

xr

xi

xav

xc

,
,

,
,

 
Fig. 6. Conversion of acceleration signal into velocity signal with drift removing method 

The calculation of the average velocity ẋav(t) first requires the 
period T of the acceleration ẍ(t) to be detected, and then the 

integer from the signal ẋi(t) to be determined for the same period, 

which means that the correct value of the velocity signal ẋc(t) is 
determined after at least 2T. Incorrect velocity values would cause 
the sky-hook algorithm to malfunction. Therefore, it was assumed 
that for a time of 1 s (which corresponds to two periods of a signal 
with a frequency of 2 Hz), the calculated velocities ẋ and ż take a 
value of 0. Thus, the set value of the current in the MR damper 
coil is given as ids = 0, and at this time it works in the passive 
mode (no power supply to the MR damper coil). 

5. TEST RESULTS AND DICUSSION 

Examination of the MR damper control system with EU was 
carried out in two stages. In the first stage, the correctness of the 
calculation of velocity signals żc and ẋc was checked based on 

measured acceleration signals z̈ and ẍ using MEMS accelerome-
ters S1 and S2 (see Fig. 5). Figs. 7 and 8 show, respectively, the 
waveforms of reference velocities żr and ẋr (measured by a 
Polytec OFV-505 sensor with an OFV-5000 controller [32]) and 

calculated velocities żc and ẋc at a sine excitation with amplitude 
A = 3.5 mm and frequencies f: 3.3 Hz, 3.7 Hz, 5.5 Hz and 10 Hz. 

 
(a) 

 
(b) 
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(c) (d) 

Fig. 7. Time patterns of velocities ẋr and ẋc at frequency f: (a) 3.3 Hz, (b) 3.7 Hz, (c) 5.5 Hz, (d) 10 Hz 

 
(a) 

 
(b) 

 
(c) 

  
(d) 

Fig. 8. Time patterns of velocities żr and żc at frequency f: (a) 3.3 Hz, (b) 3.7 Hz, (c) 5.5 Hz, (d) 10 Hz 

 

As can be seen, the amplitude of the calculated velocities żc 

and ẋc corresponds to reference velocity amplitudes żr and ẋr. 
The apparent time delay (due to signal conversion by the A/D µC 

converter and the required calculations, including numerical inte-
gration) is approx. 5 ms and does not depend on the frequency f. 
This delay also affects the time shift of the current ids calculated 
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by the sky-hook algorithm. 
In the second stage, the control of the MR damper with vibra-

tion energy harvesting realised by the EU was tested in the test rig 
(Fig. 5). Tests were conducted with sine excitations with amplitude 
A = 3.5 mm and frequency f in the range (2, 10) Hz in increments 
of 0.1 Hz for the following cases: 

 NS - no power supply to the MR damper control coil; 

 DS - MR damper coil powered directly by harvester voltage 

uh; 

 DR - MR damper coil powered with DC current uDC from the 

EU (the DU unit permanently connects the coil to the RB unit), 

the EU being powered by the harvester voltage uh; 

 EEC - the current in the MR damper coil is controlled by the 

EU according to the implemented algorithm and energy from 

an external 5 V power supply is used; 

 EHC - the current in the MR damper coil is controlled by the 

EU according to the implemented algorithm and only the en-

ergy recovered by the harvester is used. 

The EEC case is a reference for the other cases and at the 
same time serves to demonstrate the correctness of the imple-
mentation of the sky-hook algorithm in the EU. 
Displacement transmissibility was used to evaluate the efficiency 
of MR damper control Txz(f) defined as follows: 

𝑇𝑥𝑧(𝑓) =

√∫ 𝑥(𝑡)2𝑑𝑡

1
𝑓

0

√∫ 𝑧(𝑡)2𝑑𝑡

1
𝑓

0

    (5) 

Fig. 9 shows the relationship Txz(f) for all the above cases of 
power supply/control of the MR damper coil. 

It should be noted that in the case of NS, the maximum value Txz 

is achieved for frequency f = 3.8 Hz and is given as Txz = 3.6. This 

frequency is equal to the frequency fr, at which resonance occurs in 

the 1DOF system (lowest damping, id = 0). Direct powering of the MR 

damper coil by the harvester (DC case) reduces the vibration ampli-

tude of the sprung mass at frequencies f < 4.8 Hz and increases it for 

higher frequencies when compared to the NS case. The same situa-

tion occurs with the DR case at frequencies f > 5.1 Hz. In the cases of 

DS and DR, the maximum values Txz occur, respectively, at f = 4.2 Hz 

and f = 3.2 Hz and are 1.7 and 2.2. In order to eliminate this adverse 

phenomenon, the sky-hook algorithm was used to control the current 

in the MR damper coil. For the considered cases of pow-

ered/controlled MR damper, the lowest values Txz in the frequency 

range (2, 10) Hz occur in the case of EEC (at frequency f = 4 Hz, 

maximum value Txz is 1.25). In the EEC and EHC cases, at frequen-

cies f > 5.5 Hz, the increase in the value Txz does not exceed 5% 

compared to that in the case of NS. It should be noted that in the 

cases of EEC and EHC there are significant differences in the values 

Txz in the frequency range (2.4, 4.4) Hz. The higher value Txz in the 

case of EHC results from insufficient energy recovery. 

Figs. 10–13 show the frequency characteristics of the effective 

voltage values (RMS values) Uh, currents Ih and Id and power Fd. 

 

Fig. 9. Displacement transmissibility coefficients Txz 

 
Fig. 10. Harvester coil voltage Uh vs. frequency f 

 
Fig. 11. Harvester coil current Ih vs. frequency f 
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Fig. 12. MR damper coil current Id vs. frequency f 

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

Analysing the graphs in Fig. 10, it can be seen that the voltage Uh 

does not exceed 4 V, with the highest value occurring in the case of 

NS at a frequency of f = 4 Hz. The EU works stably when voltage Uh 

reaches at least 1.3 V (the EHC and DR cases at a frequency of f > 

3.7 Hz). This results in less vibration damping compared to the EEC 

case at frequencies f < 4 Hz (Fig. 9). It is clearly seen that in the EHC 

and DR cases, current Ih = 0 (Fig. 11) and Id = 0 (Fig. 12) at frequen-

cies f < 3 Hz. A maximal value of Ih is achieved in the frequency range 

(3.1, 3.5) Hz, which is due to the inclusion of DC/DC converters in the 

IPS unit, which power the electrical circuits of the EU and accelerome-

ters S1 and S2. The largest current consumption Ih occurs in the DR 

case at frequencies f > 4 Hz. The graphs in Figs. 12 and 13 show that 

at frequencies f > 5 Hz, the sky-hook algorithm results in a significant 

reduction in current Id and the force Fd that depends on it (EEC and 

EHC cases) compared to DS and DR. Thanks to this value Txz, in the 

case of EEC and EHC, it does not increase as in the case of DS and 

DR (Fig. 9). 

The graphs in Fig. 14 confirm the correct operation of the sky-

hook algorithm implemented in the EU when powered from an 

external power source. Instantaneous current value ids is calculat-

ed based on the measured velocity values 𝑥̇ and 𝑧̇ by an external 

measuring system, according to Eq. (1). The on–off regulator 

implemented in the EU facilitates achieving control of the instan-

taneous current value id in the MR damper coil. It should be em-

phasised that the µC calculates the set value ids of the current id 

also according to Eq. (1) using velocity signals 𝑥̇𝑐  and 𝑧̇𝑐 for this 

purpose, calculated from measured accelerations 𝑥̈ and 𝑧̈. The 

calculated time delays (Figs. 7 and 8) and the dynamic properties 

of the MR damper coil cause a current delay id relative to the 

current set value ids of about 8 ms (Fig. 14) regardless of frequen-

cy excitation f.  

 
(a) 

 
(b) 

 
(c) 
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(d) 

Fig. 14. Time patterns of sprung mass velocity 𝑥̇, relative velocity  

             𝑥̇ - 𝑧̇, set current ids, coil current id at frequency f:  

             (a) 3.3 Hz, (b) 3.7 Hz, (c) 5.5 Hz, (d) 10 Hz; external power  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 15. Time patterns of sprung mass velocity 𝑥̇, relative velocity 

             𝑥̇ - 𝑧̇, set current ids, coil current id at frequency f:  

             (a) 3.3 Hz, (b) 3.7 Hz, (c) 5.5 Hz, (d) 10 Hz; energy harvesting 

 

At frequencies f < 3.7 Hz, when the EU is powered by energy 

recovered from vibration, it can be seen that the current id takes 

less value than ids, which are required by the algorithm (Fig. 15a, 

b). This is due to the unstable operation of the EU at too low volt-

ages Uh. The plots in Fig. 15c, d show the correct implementation 

of the algorithm in the system. 

6. CONCLUSIONS AND OUTLOOK 

The work presents the examination of the MR damper control 
system under harmonic kinematic excitations of low frequency 
range. The benefit of the proposed system is that it is powered 
exclusively by energy extracted from a vibrating structure and 
processed through the developed EU. It was demonstrated that 
the system enables effective control of the MR damper in a me-
chanical system with one-degree-of freedom. 

The test results lead us to the following detailed conclusions: 

 at resonance frequency fr, an EU powered from an external 

energy source (EEC case) or energy recovered from vibra-

tions (EHC case) causes 2.8-fold and 1.7-fold decreases in 
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the amplitude of the sprung mass, respectively; 

 at frequency excitation f > 5.5 Hz in the EEC and EHC cases, 

there is an increase in Txz by 5% compared to the NS case (no 

power supply to the MR damper coil), while in the DS and DR 

cases the value Txz increases 2-fold; 

 the correctness of the implementation of the sky-hook algo-

rithm and, as a consequence, the control of the MR damper 

coil are confirmed by the following: Txz(f) and electricity id(t) in 

the EEC and EHC cases; 

 an EU powered by energy harvested from vibrations works 

stably when the harvester voltage uh exceeds 1.3 V, which 

occurs at a frequency excitation of f > 3.7 Hz; 

 in the frequency range (2.4, 4.4) Hz, higher values of Txz(f) 

occur in the EHC case (power supply from vibration recovered 

energy) than in the EEC case (power supply from an external 

voltage source), which is due to the insufficient amount of en-

ergy recovered. 

 Ongoing research is focussed on: 

 eliminating of the acceleration sensor S1 from the control 

system, using the harvester output voltage uh for this purpose 

converted to relative velocity; 

 testing methods of achieving conversion of acceleration ob-

served with non-harmonic types of excitations into velocity; 

 testing other MR damper control algorithms;  

 using the harvested energy storage (when the harvester is not 

able to generate enough energy) to maintain the voltage to al-

low the EU to function properly. 
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