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Abstract: The study investigates the behaviour of an electrical interface incorporated in a MR damper-based vibration reduction system
powered with energy recovered from vibration. The interface, comprising the R, L and C elements, is connected in between the coil
in an electromagnetic electric generator and the control coil in the MR damper and its function is to convert the output voltage
from the generator. The interface model was formulated and computer simulations were performed to find out how the parameters
of the interface should influence the frequency responses of the vibration reduction system.

Key words: vibration, electrical interface, MR damper, energy harvesting

1. INTRODUCTION

In recent years mechanical systems with energy recovery capabil-
ity have received a great deal of researchers’ attention. Vibration
energy is converted into electric energy mostly by the electromagnet-
ic, electrostatic, piezoelectric or magnetostrictive mechanisms. Major
developments in the field of energy recovery from mechanical sys-
tems to be used for power supply include alternative or conventional
low-power energy sources to power the sensors. When the energy
receivers are electric-controlled actuators, the generators are needed
with significantly larger power outputs.

Typically, power outputs required for supplying (control) of MR
dampers in semi-active vibration reduction systems in the automotive
industry range from the tenths of watt to several watts. Nearly twenty
years before first efforts were made to engineer vibration reduction
systems equipped with MR dampers supplied with regenerated ener-
gy. Those systems make use of the electromagnetic method of ener-
gy conversion based on the Faraday’s law. These issues are ad-
dressed in more detail in the works of Cho et al. 2005, 2007a, 2007b),
Choi and Werely (2009), Wang et al. (2009), Sapinski (2008, 2011),
Snamina and Sapifiski (2011). Results reported in those papers
indicate that energy recovered from vibration is sufficient to power MR
dampers and ensure vibration reduction in the neighbourhood of the
resonance frequency. This advantage of such systems comes at the
cost of increased vibration amplitudes at frequencies above the reso-
nance frequency. To prevent that happening, purpose-built electrical
interfaces are incorporated in the system, connected between the
generator coil and the confrol coil in the MR damper (Ros¢t et al.,
2010; Sapinski, 2014; Sapinski et al., 2016).

The model was developed and computer simulations were per-
formed of a semi-active vibration reduction system equipped
with a MR damper supplied with energy regenerated from vibration
and incorporating an electrical interface made of. R - resistor,
C - capacitor, L - inductor elements, whose operation is based
on electric resonance of voltages. The study was undertaken to inves-

tigate how the parameters of an electrical circuit formed by the inter-
connected generator coil, a MR damper coil and a electrical interface
should affect the frequency responses of the 1 DOF vibration reduc-
tion system, shown schematically in Fig. 1. The source of vibration
isa shaker, the vibration reduction system comprises a generator,
a spring and a MR damper and the body to be vibro-isolated.
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Fig. 1. Semi-active MR damper-based vibration reduction system
2. MODELLING

The model of an electrical circuit, comprising a generator cail, an
electrical interface and a MR damper control coil, is assumed to be
linear. The diagram of an equivalent circuit is shown in Fig. 2.
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Fig. 2. Equivalent electric circuit
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The input applied is the electromotive force e induced in the gen-
erator coil windings with resistance Ry and inductance Lg. The re-
sponse will be current in the MR damper control coil is. The electrical
interface also incorporates an additional coil with resistance Ra
and inductance La, and a capacitor with capacity C. As the generator
coil and the interface coil are connected in series, the equivalent
resistance of those caoils is introduced: R=Rg+R. as well as equivalent
inductance L=LgtLa.

The equation of the circuit shown in Fig. 2 is given as:

3, 2
CL4L ‘Z;;’ + [C(LyR + RyL)] ‘fnlf +(CR,R+L+
L)ZE+ (R + RYig = e. (1)

dt

Assuming the relative displacement y=x-z, the MR damper force
can be expressed by the formula (Guo et al., 2006, Kwok et al., 2006):

Fg = Fotanh [ (2 +p,y)| + ¢ (5 +p2y). @

It is assumed that parameters Fo and Ci are dependent
on current ig, in accordance with Eq (3) and (4) whilst the parameters
B, p1, p2 are not related to current ig.

F0=b1'i§+b2'id+b3, (3)

Cy =by i+ bg iz + b (4)
The equation describing the circuit in Fig 1 is written as:

d? 1

= (R+F+ R+ F), (5)

where: F.=b-dyldt is resistance force in kinematic pairs, Fs=ky
is elasticity force, Fg=k'iy is magnetic force in the generator. It is
assumed that electromotive force e and current iy in the generator coil
are expressed by respective formulas:

W
e =L, ®)
ig = iqg+ CRg L+ CLy 2, (7)
3. SIMULATION

Simulations were performed in the MATLAB/Simulink environ-
ment. The values of the MR damper model parameters were quoted
from the work by (Sapinski et al., 2011): 5=50 N-sim, pi= 4 1/s,
p= 02 1/s, bi=34157 N/AZ, h=93.32 NI/A, bs=74.487 N,
bs=2534.1 N-s/A2m, bs= 19.55 N-s/A‘m, be= 643.1 N-s/m. The remain-
ing parameters were: body mass m=103 kg, stiffness coefficient
k=90000 N/m, damping ratio b=50 N-sim, electric constant
of the generator k=18.6 V-s/m, inductance of a MR damper control
coil L&=100 mH, MR damper coil resistance Rs~=5Q, equivalent
inductance L=30 mH, equivalent resistance R=04 Q, capacitor
capacity C=47 mF. The simulation procedure involved three stages,
the frequency characteristics were obtained for the equivalent system
shown in Fig. 2 and for the vibration reduction system shown in Fig. 1,
with and without the electrical interface.

3.1. Electrical interface

Fig. 3 shows how the variations of resistance R, capacitance
C, inductance L and resonance frequency f; of the electric circuit
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affect the frequency characteristics of the magnitude frequency
response |Gei(j21)|= |la(j2Th)/E(j2T11)|.
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Fig. 3. Frequency response |Gei(j211f)|: a) Rg=var, b) C=var,
c) L=var, d) f=var
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It is apparent that:

— increase of resistance R and capacitor capacity C causes
the resonance frequency f; to be reduced and the maximum
value of |Gei(j21f)| to be lowered (Fig. 3a, b);

— for resistance R>0.9 Q, the plot |Gei(j21f)| does not have
a maximum for the frequency f; (Fig. 3a);

— increasing the inductance L results in reduction of resonance
frequency f, at the same time the maximum value
of |Gei(j211f)| will increase (Fig. 3c);

— simultaneous increase of the values of C and L leads to the
reduction of frequency f whilst the maximum value
of |Gei(j211f)| remains unchanged (Fig. 3d);

— simultaneous increase of inductance L and reduction
of capacity C should result in an increase of the maximum
value | Gei(j2rf)| whilst the frequency f; remains constant.

The change of frequency f; whilst the maximal value |Gei(j211/)|
remain constant allows this frequency to be tuned to the
resonance frequency fm of the system shown in Fig. 1. The value
of |Geij2mf)| for the frequency f: is associated with the quality
factor of the circuit Q=0/R, which is proportional to wave
impedance 0=VL/C. With decreasing o, the characteristics tend to
change, like with increasing resistance R (Fig. 3a).

3.2. Vibration reduction system without
an electrical interface

Computer simulations were performed to investigate the
behaviour of the system shown in Fig. 1 configured such that the
MR damper control coil was directly supplied from the generator.
The kinematic input excitation z was applied, with the amplitude
A=3.5 mm and frequency from the range (0.1, 10) Hz. The
purpose of the simulation procedure was to find the displacement
transmissibility Txz given by the formula (8), rms values
of electromotive force Ems and current level in the control coil /ms,
as well as the rms value of the damper force Fa.

T. = Xrms _ %\ fotx(t)zdt (8)

XZ
Z 1|t
rms 2l z®?at

Simulation data are compiled in Figs 4-7, plotting the
frequency characteristics. Comparison was made between two
cases: when the control coil was not supplied (P-passive system)
and when the control coil was supplied directly from the generator
(SP-self powered system).
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Fig. 4. Transmissibility vs frequency
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Coefficients Tx: (see Fig. 4) for the systems P and SP reach
the maximal value at the resonance frequency fm=4.75 Hz and
are equal to Tx=3.26 and Tx.=1.8, respectively. In the system SP
the value of T, decreases in the range (3, 5.75) in relation to the
system P and increases when >5.75 Hz. Ems in the system SP
increases with frequency, whilst in the system P it reaches its
maximum value for =5 Hz (Fig. 5). Decreased value of Ims for
frequency 8 Hz is attributed to the increase of the control coil’'s
impedance (Fig. 6). The force Fq reaches its maximum value
at frequency =5 Hz in the system P and at =9 Hz in the system SP

(Fig. 7).
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3.3. Vibration reduction system incorporating
an electrical interface

Simulations were performed to investigate the behaviour of the
system shown in Fig. 1, configured such that an electrical interface is
connected between the generator coil and the MR damper control coil
(system SPI). The receiver's parameters considered in the simulation
procedure were constant (Rq, Ld), and the parameters of the applied
input were those given in section 3.2. The main objective was to
establish how the parameters R, L, C, the generator's electric
constant k and resonance frequency f- should influence the frequency
characteristics of the system. Simulation data are summarised in Figs
8-27.

The analysis of plots shown in Figs 8-11 reveals that increasing
the generator’s electric constant « leads to:

— decrease of Tx in the neighbourhood of resonance frequency
(Fig. 8);

— increase of electromotive force value Ems and current ms (Figs 9,
10);

— increase of the force value Fyin the interval (4, 10) Hz (Fig. 11).
For the maximum value of the electric constant considered in the

simulation procedure k=20 V-s/m, we observe:

— the anti-resonance effect at the same frequency (f:=4.75 Hz)
atwhich the mechanical resonance fm is registered in the
systems P and SP;

— nearly 3-fold reduction of the value of Ty at frequency f in relation
to that registered for system P and 1.5-fold reduction of T
in relation to SP;

— increased the Tx value in the frequency range (6, 8) Hz,
in relation to that registered in the system P.
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Fig. 8. Transmissibility vs frequency

The lowest value of Ty in the investigated frequency range
is registered for the system SPI, its electric constant being k=15
V-s/m. At the same time the value of Ty tends to decrease in the
neighbourhood of resonance frequency and remains on the level
similar to that registered for the system P at £6.25 Hz. A capacitor
with capacity C incorporated in the electrical interface lowers its
impedance with increasing input frequency f, causing the current level
Ims to decrease in a control coil connected in parallel to the condenser
at Pfm (Fig. 10). In the system SPI the value of Ty is reduced
at frequencies in excess of fm, when compared to SP.
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Fig. 11. Force vs frequency

The analysis of plots shown in Fig 12-15 reveals that decreasing
the resistance R will lead to:
lowering the value of Tx in the neighbourhood of resonance
frequency (Fig. 12);
lowering the value of Ems in the frequency range (4,7) Hz
(Fig. 13);
increasing the value of lms and force Fq at >4 Hz (Figs 14, 15);
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When resistance R= 0.4 Q, the anti-resonance effect will arise
(f-=4.75 Hz), at the same time the value of Ty registered in the
frequency range (6,8) Hz is higher than in the circuit P. In the
investigated frequency range and at resistance R=0.5 () the value
of Txz in the circuit SPI is lower in relation to the values registered
for P and SP.

The analysis of plots in Figs 16-19 reveals that reducing the
condenser capacity C results in:

— decrease of the value of Tx; (Fig 16) at the anti-resonance
frequency f,, at the same time this frequency will increase;
— decrease of the Ems value (Fig 17) in the frequency range (4, 8)

Hz;

— increase of the Ims value (Fig. 18) and of force Fq (Fig. 19) in
the frequency range (4, 10) Hz.
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For capacitor capacity C=45 mF, the value of Tx. registered
in the frequency range (6, 8)Hz is higher than in the circuit P. The
lowest value of Ty, in the investigated frequency range
is registered in the circuit SPI for C=50 mF (Fig. 16).

The analysis of plots in Figs 20-23 reveals that reducing
the inductance L will lead to:

— decrease of Ty value in the frequency range (3,6) Hz

(Fig. 20);

— increase of resonance frequency fm when [>45 mH
and increase of anti-resonance frequency f. when L< 45 mH;
— lowering the value of Ems in the frequency range (4,8) Hz

(Fig. 21);

— increase of Ims and force Fq in the frequency range (3,10) Hz

(Figs 22, 23);

— increase of the frequency f at which the force Fy reaches its
maximum value.

When inductance L=30 mH, the value of T. in the frequency
range (6, 8) Hz is increased. The lowest values of Ty in the
investigated frequency range, compared to the circuits P and SP,
were registered for L=45 mH. Plots in Figs 24-27 illustrate the effects
of varying the resonance frequency of the electrical circuit , while the
quality factor Q of the circuit remains unchanged. The anti-resonance
effect (Fig 24) occurs for all investigated frequencies .
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Fig. 20. Transmissibility vs frequency
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The analysis of plots in Figs 24-27 reveals that increase

of frequency f- will lead to:

— increase of anti-resonance frequency f. of the mechanical system
and reduction of Ty value at fz (Fig. 24);

— reduction of the Ems value in the frequency range (4, 8) Hz
(Fig. 25);

— increasing the value of Ims and force Fq in the frequency range
(4, 10) Hz (Figs 26, 27).
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It appears that the value of Ty registered in the frequency

range (6, 7.5) Hz is higher than in the system P when f=4.2 Hz.
Compared to P and SP, the lowest values of Ty in the
investigated frequency range are registered in the system SPI,
where the resonance frequency of the electric circuit is f=3.9 Hz.

4,

SUMMARY

The study summarises the simulations of a model of a semi-

active vibration reduction system comprising an MR damper,
incorporating an electrical interface whose operating principle is
based on voltage resonance. The interface, comprising the R, L,
C elements, is connected between the generator coil and the MR
damper control coil. The simulation procedure was performed to
investigate the effect of the interface parameters on frequency
characteristics of the vibration reduction system. The analysis of
thus obtained frequency characteristics leads us to the following
conclusions:

the magnitude frequency response |Gei(j21f)| reaches its
maximal value at the resonance frequency of the equivalent
circuit when the equivalent resistance becomes R< 0.9 Q;
simultaneous change of the parameters L and C allows the
resonance frequency of the equivalent circuit to be tuned to
resonance frequency of the vibration reduction system;

the maximal value of the magnitude frequency response
|Gei(j2mf)| at the resistance frequency is associated with the
quality factor of the equivalent circuit;

transmissibility in the system SP has lower values than
in system P in the neighbourhood of resonance frequency
whilst at frequencies in excess of resonance frequency its
values are higher;

in the system SPI the transmissibility values are lower when
compared to P and SP in the entire frequency range;

voltage resonance in the equivalent circuit gives rise to the
anti-resonance effects in the vibration reduction system,
revealed by the presence of minimum in the transmissibility
vs frequency plot;

the anti-resonance effect may occur at the same frequency
at which the mechanical resonance will occur in the system P
and SP.

The model of the electrical interface considered in the paper

assumes linearity of R, L, C elements and does not take into
account the influence of eddy currents. The problem of eddy
currents which occur both in the magnetic circuit of the MR
damper and the generator will be the subject of further authors’
research.
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