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Abstract: The aim of the work is to investigate power flows in the vibration reduction system
equipped with a magnetorheological (MR) damper and energy regeneration. For this purpose,
experiments were conducted in the test rig compound of the shaker and the vibration reduction
system (electromagnetic harvester, MR damper, spring) which are attached to the sprung mass. The
experimental data acquired under sine excitations enabled us to analyze instantaneous power fluxes,
as well as a rate of inertial energy changes in the system.
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1. Introduction

In recent years vibration regenerative systems have received significant attention,
as such systems are able to recover energy from vibrations that may be converted into
electrical energy. This electrical energy can be used to power wireless sensors, e.g., [1,2] or
controlled actuators, e.g., [3,4]. The concept of the use of harvested energy for powering
the MR damper that forces output which is electrically controlled was first proposed in
the work [5]. From that time, a large amount of research was conducted in the field, smart
vibration reduction systems with MR dampers were designed, and new applications were
developed. Such systems are known as regenerative or energy harvesting systems. The
two main components of these systems are an MR damper and a harvester that generates
electrical power according to Faraday’s law of electromagnetic induction under external
excitation. The components may be either separate elements in the systems or integrated
into a standalone device. The review of advancements in the energy harvesting MR
dampers was summarized in [6].

The present study investigates the vibration reduction system compound of the MR
damper, the electromagnetic harvester (which are separate devices) and the spring. The
elements attached to the sprung mass comprise a single degree of freedom mechanical
system (SDOF system). The objective is to analyse power flows in the regenerative vibration
reduction system with MR damper (RVR-MRD system). The analysis results enabled us to
estimate whether the amount of harvested energy is sufficient enough to make the system
self-powered and self-sensing, i.e., to power the MR damper, necessary sensors and the
control unit [7]. To do this, the system was experimentally tested under sine excitations in
the assumed frequency range. The acquired data sets were used to present power flows
and the rate of inertial energy changes in the system. The obtained results complete the
simulation research of the investigated system described in [8].

The paper is organised as follows. Section 2 presents the structure of the RVR-MRD
system with its individual components. Section 3 describes the measurement system,
scenario of experiments and the force-velocity loops of the shaker and the MR damper.
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Section 4 analyses instantaneous power and energy flows in the system. The conclusions
are presented in Section 5.

2. Regenerative Vibration Reduction System with MR Damper

The RVR-MRD system (distinguished by the dash line in Figure 1) consists of three
components: the MR damper RD-8040-1 manufactured by Lord Corporation, the electro-
magnetic harvester and the spring.

W (@|Plate 1 ]|Harvester| |Plate 2 I@ | Spng mass

|

]

Figure 1. RVR-MRD system installed in the test rig.

The technical data of the RD-8040-1 damper is provided in [9]. The measured re-
sistance of the device coil is R; = 5.5 ) and the inductance L; = 125 mH [10]. The
schematic diagram of the harvester with dimensions of the structural components is shown
in Figure 2 [11]. The device is complete with two neodymium-boron magnet sets (six
magnets per each set) which are fixed on a non-ferromagnetic rod and placed inside a
ferromagnetic housing. The magnets are ring-shaped and display axial magnetisation.
They are arranged such that they face one another with opposite poles. The configuration
of the magnet sets is such that identical poles lie opposite to one another. The magnet sets
are separated by a ferromagnetic ring.

Housing

Ferromagnetic

Figure 2. Structure of the harvester.
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The resistance of the harvester coil that is wound with copper foil on the diamagnetic
carcass is R, = 0.25 ), and the inductance is L, = 4.78 mH [10]. The electric constant of
the harvester that represents the relationship between the electromotive force (¢;) induced
in the coil and relative velocity of magnet sets is 18.5 Vs/m.

The spring with stiffness k = 10° N/m is connected in parallel to the harvester and to
the MR damper. The components fixed between plate 1 and 2 are connected on one end to
the shaker and to the sprung mass m = 150 kg on the other. The linear guides attached to
the steel frame enable the platform motion along the horizontal axis.

3. Experimental Tests

Taking into account the structure of the test rig (see Figure 3) on which the experiments
were conducted, five measurement points were selected. Each point was equipped with a
dedicated sensor marked S1—S5 (see Figure 1) and was used to analyze power flows. To
measure the displacement of shaker plate z and sprung mass x, optical sensors FTS50RLA-
70-PL5 [12] marked with S1 and S2 were used. The force F; and F; were measured using
S3 and 54 strain gauge sensors KMM30-2kN [13] connected to dedicated amplifiers. For
the current measurement i in the control coil, a current-to-voltage converter containing a
current sense resistor 0.01 (2 and operational amplifiers AD629, AD8622 (S5) were used.
The measurement data were acquired using an A/D board connected via I/O bus to
the cRIO 9074 controller. The controller enables simultaneous operation of algorithms
implemented by the FPGA module and those implemented by the real-time processor (RT).
The technical parameters of the cRIO controller were sufficient for both the measuring
and control systems [14]. The FPGA module was used to condition and pre-filter the
measurement data. The RT processor (acts as a computational unit) was used to determine
power flows and archiving of the measurement data. The data exchange between the FPGA
module and the RT processor was performed using direct memory access (DMA) bus.
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Figure 3. Test rig and measurement system layout.
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The TCP/IP protocol enables running the operator’s application on a standalone
computer from any network location. The software layer of the measurement system was
implemented in the LabView environment. The developed application allows for the deter-
mination of power flowed in real-time and was used to analyze the power consumption of
the test rig components.

The RVR-MRD system tests were carried out using the measurement system described
above. Two cases of combination of a harvester coil and an MR damper control coil were
investigated. In Case 1, the harvester coil was not connected to the MR damper coil. In
Case 2, the coil of the MR damper was powered by the voltage generated by the harvester.
The tests used sinusoidal kinematic excitation z with a constant amplitude of A, = 3.5 mm
and a frequency f from the range (2, 9) Hz changed with 0.1 Hz increment. The sampling
frequency of the physical quantities measured during the tests was 10 kHz. For each
measuring point, a moving mean filtration with a fixed window width of 20 samples
was used.

The frequency of the shaker core movement and the mechanical parameters of the
test rig have a direct impact on the amount of energy generated by the harvester, and thus
on the output force of the MR damper. Assuming that Ay means the amplitude of the
displacement of the sprung mass x, the displacement transmissibility of the system can be
written in the form:

Ax(f)

sz(f) = Az(f) 1)

From the Ty (f) coefficient graphs shown in Figure 4, the resonance frequency of the
system in Case 1 is 3.8 Hz, while in Case 2 it is 4.5 Hz.
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Figure 4. Displacement transmissibility Ty vs. frequency f.

The average power provided by the shaker Ps(f) and dissipated in the MR damper
Pyf(f) can be estimated by analyzing the force-velocity loops depicted in Figures 5 and 6.
The graphs refer to Case 2 with three displacement z frequency values. Taking into account
the coefficient Ty, (f) and the ratio of the average power provided by the shaker to the
average power dissipated in the MR damper, it can be seen that the RVR-MRD system
works effectively in the frequency range (2, 4.5) Hz.
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Figure 5. Force-velocity loops F;(z) Case 2.
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Figure 6. Force-velocity loops F;(z — x) Case 2.

4. Results and Discussion
4.1. Instantaneous Power Flows

Instantaneous power flows in the tested SDOF system result from transformations of
energy forms such as kinetic, potential, electric, magnetic, and thermal energies occurring
during motion in its components. External energy supplied to the system is a source of
power flow with a positive average value. The energy absorbed or indirectly dissipated
as heat is a source of power flow with a negative average value. The power flows within
the system result from temporary energy storage. Each flow can be assigned to one of
the categories: external, internal, or dissipated. According to the diagram in Figure 7,
there are six elements of the test rig and 10 sources of power flows that correspond to
the energies presented in Table 1. Example results of tests carried out according to the
Case 2 are presented in Figures 8-11. The graphs show the power flow time waveforms at
frequency 4.5 Hz.
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Figure 7. Power flows diagram.

Table 1. Type of power in the context of energy flows.

Type of Power Designation Energy Flow Context
External power Ps Mechanical energy transmitted by the shaker
Pk Accumulation of kinematic energy in the translation movement of the sprung mass
Internal power Pp Accumulation of potential elasticity energy in the spring
Phe Accumulation of magnetic field energy stored in the harvester coil
Pde Accumulation of magnetic field energy stored in the MR damper coil
Energy losses caused by Joule Lenz’s conversion of electricity into heat in the
Pui harvester coil
Phf Energy dissipated by frictional forces in the elements guiding the harvester piston
Dissipated power Energy losses caused by Joule Lenz’s conversion of electricity into heat in the MR
Pdi damper coil
Pay Energy dissipated by frictional forces conversion into heat in the MR damper
pr Energy dissipated by frictional forces in kinematic pairs of bearings

P, [W]

Figure 8. Time history of power ps.



Energies 2021, 14, 848

7 of 13

100

0.5

0 0.1 02 g 03 0.4 0.5
(b)
0.4
0.2-
2 0+
<3
NV
+ .02+
2
044
0.6 —_—
0 0.1 0.2 03 0.4 0.5
1[s]
(©)

Figure 9. Time histories of power: (a) px; (b) pp; (¢) Pre + Pde-
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Figure 10. Time histories of power: (a) py;; (b) pa1; (c) Pag-
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Figure 11. Time histories of power ps and psym.

The source of external energy is the displacement z. The mechanical energy trans-
mitted by the shaker can be both supplied to and received from the system. The result of
the changes is determined by power flow ps; Equation (2) and shown by the time pattern

in Figure 8.
0z

ps = Fs 3% 2

When analyzing the graph ps, it can be seen that for most of the time the power is
supplied to the system. The average power value determined for a multiple of the period
is always positive, so the ps flow is a component of the external power flow.

Internal power flows result from the accumulation of kinematic energy of the move,
potential elasticity energy and magnetic field energy stored in the MR damper control
coil and harvester coil. Taking into account the test rig components, in accordance with
Equations (3)—(6), power flows py, pp, Phe, Pae Telated to sprung mass, spring, harvester
coil and MR damper coil are distinguished. The power time waveforms py, pp, Pre + Pde
are shown in Figure 9.

m=%%fﬁ ©)

Dissipated power flows in the system under consideration have been determined,
taking into account the losses caused by Joule Lenz’s conversion of electricity into heat
and the frictional forces conversion into heat. Energy is mainly dissipated in the MR
damper. The mechanical energy supplied to the harvester is converted into electrical
energy dissipated by the resistance of the harvester coil and the MR damper control
coil. Other sources of dissipated energy are related to friction in the MR damper seals,
friction in the guiding elements of harvester magnets and friction in kinematic pairs of
bearings. Taking into account the elements of the test rig, the following power flows were
distinguished py,;, pai, pay caused by the dissipation of electric and mechanical energy in
the harvester and MR damper. The time waveforms of power py;, pg, and p45 defined by
Equations (7)—(9), are shown in Figure 10.

pu = —Ry, - i @)
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pa = —Ry - i 8)

Pafr = *Fd¥ )

The energy dissipated by frictional forces in kinematic pairs of bearings and the

elements guiding the harvester piston is the source of the power flow py and pjs. According

to the energy conservation principle, the sum of the supplied, internal and dissipated power

flows should be zero at each moment in time. Therefore, the approximate value of the
power flow pr + pj,s can be estimated indirectly from the equation:

Pf+Pnf = =Pk — Pp — Phe — Pde — Pdf — Pdl — Pni — Ps (10)

The system under consideration has 14 bearing kinematic pairs that are not included
in the direct measurement. The analysis of their distribution allows for determining the
relationship between power ps + p; ¢ and the measured values. Energy losses in the test
rig occur in the kinematic pairs used for:

e guiding of the harvester magnet system-The amount of energy dissipated depends on
the relative velocity z — x,

e shaker connection with the reduction system and sprung mass by means of four
ball joints with bearings-The amount of energy dissipated by the connection can be
omitted due to slight angular displacements,

e guiding plate 1 with two linear bearings-The amount of energy dissipated by the
connections depends on friction forces and velocity z,

e guiding plate 2 and sprung mass with six linear bearings-The amount of energy
dissipated by the connections depends on friction forces and velocity x,

e  ensuring concentricity of motion of the damper, harvester and spring by means of
three guide rods permanently attached to plate 1, cooperating with linear bearings
placed in plate 2-The amount of energy dissipated by the connections depends on
friction forces and relative velocity z — x.

Taking into account the normal forces loading the bearing elements, it can be con-
cluded that the power value ps + py,¢ significantly depends on the velocity x.

The power flows determined directly from the measurements were used to produce
the time waveforms of power ps and ps,; (see Figure 11). The sum of measured internal
and dissipated power flows was expressed as:

Psum = Pk + Pp & Phe + Pde + Pdaf + Par + Pui (11)

The difference between the determined power values ps and ps;,; results from the
inability to directly measure the power flow ps + pj,¢. Test results at different displacement
z frequencies showed that in the low velocity range of x and z, the power sum p; + psum is
close to zero. This is in line with the results of computer simulations of the tested system
provided in [8].

4.2. Energy Flows and Average Power Values

The archived measurement data are used to develop the energy—frequency relation-
ship. Energy values are determined in one displacement z cycle. The duration of the
cycle t; is given by the formula ts = t,, — t,_1, where n is the cycle number. Taking into
account the conservative nature of internal energy, the following types of energy have
been distinguished in the system under consideration: mechanical energy supplied by the
shaker E;, mechanical energy dissipated in the MR damper E, electrical energy dissipated
in the MR damper E, electrical energy dissipated in the harvester Ej;, and mechanical
energy dissipated by friction E. The equations used to determine the considered energies
are shown in Table 2.
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Table 2. Type of energy and governing equation in one cycle.

Type of Energy Equation
Provided by the shaker Es= [ zzn,l F;-dz (12)
o . Edf = — f<(ZZ:xx))" Fd . d(Z — x) (13)
Dissipated in the MR damper * nl
Eg=—[{" Ry-i%-dt (14)
Dissipated in the harvester * Ey=-— ftt’il Ry, -i% - dt (15)
Dissipated by friction * Ef = —Egr — Eyy — Ep — Es (16)

* the dissipated energy is denoted with a negative value.

Figure 12 shows the relationship between the energy Es, E;¢, E¢, Eg + Epy and the

frequency for Case 1 and Case 2. As can be seen, the increase in velocity z — x results in an
increase in the amount of energy: dissipated in the MR damper, recovered in the harvester
coil, dissipated by friction, and thus an increase in the demand for energy provided by an

outside source.
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Figure 12. Energy vs. frequency f, (a) E; Case 1, E; Case 2, Edf Case 1, Edf Case 2; (b) Ef Case 1, Ef

Case 2, Ej + Ej; Case 2.



Energies 2021, 14, 848

12 of 13

Taking into consideration the graphs presented in Figure 12, the absolute ratio s;¢
(expressed in %) calculated as the value of dividing the energy E; dissipated in the MR
damper to the energy E; provided by the shaker is introduced. The s, ratio increases
the value with an increase in the displacement z frequency within the range (2, 4.5) Hz.
Above the frequency of 4.5 Hz, the value of s;¢ varies by a few per cent. For Case 1, the
value of the coefficient s;¢, changes in the range (15, 43)%, and for Case 2 in the range
(20, 56)%. Note that the absolute value of the ratio between the energy E; + Ej; recovered
in the harvester and the energy Es supplied by the shaker, as determined by s;¢ and
expressed in %, does not exceed 1.3%. The remaining energy supplied from outside is used
to compensate for losses due to frictional forces.

Table 3 summarizes the selected parameters describing the RVR-MRD system opera-
tion. The average power values of py;, py and py are indicated by Py, Py, and Py. Factors
A, _ ;. and Pyyer concern the relative velocity z — x amplitude and the absolute value of the
average power Py + Py exceeding 0.44 W. This power value refers to the average power
recovered in the harvester and the movement z frequency equal to 4.8 Hz. Above this
frequency, the harvester-generated electrical energy should not be supplied to the MR
damper due to the significant increase in Ty, coefficient (see Figure 4).

Table 3. Factors of RVR-MRD system operation at various frequency.

Case 1
f A, Tx: Sdf sdif P Py PI';” + Py Poyer
Hz mm/s - % % w W v(}l W W
2 16 1.21 14.96 - 1.0 —0.1 - —0.92 0
2.7 57 1.76 30.75 - 34 -1.0 - —2.35 0
3.8 184 3.43 4347 - 37.2 —16.2 - —-21.0 0
4.5 52 2.17 40.49 - 36.6 —15.3 - —-21.3 0
6.3 210 0.63 39.12 - 27.7 —-10.8 - -16.9 0
9 256 0.26 42.83 - 31.8 —13.6 - —18.2 0
Case 2
f A; Tz Saf Sdif P; Py PI’;" * Py Pover
Hz mm/s - % % w W W W W
2 18 1.17 20.25 0.46 0.9 —-0.2 —0.01 —-0.73 0
2.7 38 1.44 35.88 1.15 2.9 —-1.0 —0.03 —1.83 0
3.8 93 1.67 52.43 1.26 14.1 —74 —0.18 —6.5 0
4.5 141 1.72 56.21 1.15 30.6 171 —0.34 —-13.2 0
6.3 253 1.14 55.46 1.02 66.9 —37.1 —0.68 —29.1 0.24
9 345 0.56 55.05 0.93 94.6 —52.1 —0.88 —41.65 0.44

5. Conclusions

The work is concerned with the experimental investigation of power flows in the RVR-
MRD system. The analysis of measurement data for the case when the harvester coil was
not connected to the MR damper coil and for the case when the voltage generated by the
harvester powered the MR damper coil enabled us to formulate the following conclusions:

e  The energy recovered from vibration, converted in the harvester into electricity, can
effectively power the MR damper in the RVR-MRD system.

e  The amount of electricity recovered is related to the relative velocity z — x and the
efficiency of the harvester.
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e  The introduction of additional elements for voltage conditioning (e.g., rectifier bridge
or voltage converter) can improve the value of the parameter s .

e  Anenergy source with an average power of 0.44 W is sufficient for the correct operation
of the RVR-MRD system. The remaining excess power P,ye; can be stored for reuse in
external energy storage.

e  The energy demand E; supplied by the shaker depends on the frequency and the way
the harvester coil and MR damper control coil are connected. For frequencies lower
than 4.6 Hz the RVR-MRD system uses less energy in Case 2, while for frequencies
higher than 4.6 Hz the RVR-MRD system uses less energy in Case 1.

e  For a displacement z frequency greater than 5 Hz, the amount of recovered energy is
sufficient to supply an additional system allowing the MR damper control coil to be
disconnected.

e The developed measurement system enables to analyse instantaneous power demand,
which can be used to assess the test rig’s correct functioning.

In the next research stage, the RVR-MRD system will be tested with a specially
designed conditioning electronics for energy saving system (rectifier bridge, DC/DC
converter, microcontroller), whose task is to appropriately adjust the voltage generated by
the harvester.
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