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a b s t r a c t

In this paper, the characteristics of a hybrid regenerative electromagnetic (EM) damper are
first determined and experimentally examined. The main idea is to have two modes of
operation for the EM damper, namely passive energy harvesting and semi-active modes. In
the passive mode, the vibrational energy of an underlying structure is harvested and stored
in a rechargeable battery. The harvested energy can then be employed in the semi-active
control mode to supply the power demand for the required sensors and microcontroller.
This hybrid damper would thus be capable of realizing the characteristics of a self-
powered EM damper. A prototype of the damper was designed and tested under
different harmonic excitations. The mechanical and electrical characteristics of both pas-
sive and semi-active modes were investigated and verified. The average harvested power
and current were measured, and the efficiency of the different elements of the damper is
determined. Next, for tuning the semi-active mode, a sliding mode control algorithm was
proposed which considers the inherent nonlinear parasitic force of the EM damper. The
proposed algorithm aims to track the response of an optimally controlled structure, by
having knowledge of the bound of the nonlinear parasitic force. Finally, the effects of the
proposed damper and sliding mode controller for vibration mitigation of a small-scale
structure is demonstrated through a series of shake table tests, under harmonic and
random excitations.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The physical principle behind electromagnetic (EM) transducers is in convertingmechanical into electrical energy and vice
versa. Depending on the conversion interface, they can be used as actuators, dampers, sensors, or energy harvesters. When
employed in a vibration control system, EM dampers have the advantage of recovering the vibrational energy which needs to
be removed from the structure. By applying harvesting techniques, this energy can be harvested and stored in the form of
electrical energy. In comparison, most of the other types of dampers, such as viscous, magnetorheological (MR), and frictional
dampers, would eventually dissipate the absorbed energy as heat. In the past few decades, there has been a surge of interest
in energy harvesting from the vibrational source induced by an environmental disturbance. In civil engineering, these
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harvesters can be small-scale oscillators attached to a host structure which have a negligible damping on the underlying
structure [1e4], or large-scale regenerative dampers that can accommodate both damping and harvesting features [5,6].
Either employed in a tuned mass damper [7e11] or as a single device [12e15], these harvesters aim to harness the damped
energy and to power the sensing and processing units of a structural monitoring and control system. It also seems feasible to
engage regenerative dampers with a semi-active control action as their power demand is lower [8,9,11,16].

For an EM damper, no additional power is necessary to generate the damping force and its equivalent damping can be
adjusted using a simple switched circuit [8]. However, an MR damper requires an external power supply to the current driver
in order to generate the magnetic field. Researchers proposed smart regenerative dampers by attaching an MR damper to an
EM harvester [17e19]. In those cases, damping is mainly produced by the MR damper, rather than the EM harvester. Alter-
natively, incorporation of the damper and harvester in a single EM device could be more efficient. Moreover, using an EM
damper has this advantage that the vibrational energy can be recovered outside the machine. This reduces the problem
associated with self-heating of the damper [14].

In a typical regenerative semi-active damper, the various devices, like sensors and microcontrollers, drain the harvested
energy. Because of the random nature of the harvested power, it is possible that the available energy is less than the oper-
ational requirement of the system. Therefore, energy outages are very likely, and could negatively affect the control per-
formance. In Ref. [20], a hybrid EM damper was proposed which separates the passive energy harvesting and semi-active
modes. The damper switches from the passive mode to the semi-active mode, once sufficient energy is harvested. This al-
lows a robust realization of the self-powered damper, without compromising the vibration control performance.

There are a number of electrical circuits and configurations that can facilitate the energy harvesting function [21e25]. Each
interface circuit exhibits a different electrical impedance, which is linked directly to the constitutive relation of the damper. In
particular, Lefeuvre et al. [24] proposed a circuitry based on a buck-boost converter that was able to emulate a constant
optimal resistance. This favorable property was utilized by Shen and Zhu [13] for simultaneous energy harvesting and passive
damping. However, the operating conditions associated with most of the harvesting circuits make them less flexible to be
tuned in a semi-active system [8,11,24]. This could diminish the effectiveness of the semi-active controller by limiting the
range of damping coefficients that could be provided. As one of the possible remedies, it was proposed in Ref. [20] to separate
the operation of an EM damper into a passive energy harvesting mode and a semi-active control mode. As a result, the semi-
active mode could cover a larger area of force-velocity domain, without dealing with the complications of the energy har-
vesting circuit. Consequently, the performance of the damper in mitigating the vibration could be improved.

In this paper, the physical realization of the damper proposed in Ref. [20] is presented. First, the mechanism of the damper
and its potential advantages are described in Section 2. Section 3 elaborates on the prototyping of the damper, and Section 4
presents the experimental test results of the prototype. In Section 5, a semi-active control algorithm is proposed for the case
that the damper is utilized to suppress the vibration of a single degree-of-freedom (SDOF) structure under ground motion. In
Section 6, two modes of the hybrid damper are experimentally investigated for vibration control of a small-scale shear frame
model under base excitation. This section aims to demonstrate the real application of the damper.

2. Background

Fig. 1(a) illustrates the schematic diagram of a linear EM motor attached to the proposed hybrid control circuit. According
to Faraday's law of induction, the linear velocity of the motor _x creates a back electromotive force (back-emf) voltage e, when
the terminals of the coil are left open.When themotor is connected to the circuit, this back-emf causes current i to flow inside
the circuit. Based on Lorentz law, a reactive force fem is exerted in the opposite direction to the motion. Mathematically, the
electro-mechanical relationship of the motor can be described as,

eðtÞ ¼ k _xðtÞ (1)

femðtÞ ¼ kiðtÞ (2)
where k is the linear motor constant. The circuit attached to the coil governs the relationship between i and e and determines

the relationship between the velocity and the force generated due to the electromagnetic action. In an ideal case, this force is
equal to the total force f exerted by the damper. However, in practice, the total force f comprises an additional term fp, which
can be attributed to the presence of parasitic damping and friction,

f ¼ fem þ fp (3)
For the proposed damper, the circuit demonstrated in Fig. 1(b) is able to realize the hybrid feature. By controlling switch 1
(SW1), the damper's mode of operation can alternate between the passive and semi-active modes. The available energy
harvested from the vibration can be employed to choose the mode adjustment.

2.1. Passive energy harvesting mode

Once SW1 is connected and SW2 is left open, the damper begins to harvest energy and the EM motor exhibits a constant
damping coefficient. As shown in Fig. 1(b), the EM motor is first connected to a diode bridge rectifier, which converts the AC



Fig. 1. Schematic diagram of (a) a linear EM motor, and (b) the hybrid control circuit.
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input voltage induced from the vibration to DC voltage. The DC-DC buck-boost converter then receives this DC output and
pumps current into a rechargeable battery. The metal-oxide-semiconductor field-effect transistor (MOSFET) in the circuit is
switched on and off by a pulse width modulation (PWM) signal, which is a square wave with a high frequency fsw and a
constant duty cycle D. Duty cycle is the duration the switch is “on” over the switching period. The equivalent resistance of the
circuit R0 can be defined as [24],

R0 ¼ 2Lfsw
D2 (4)

where L is the inductance of the converter. Eq. (4) is valid as long as the current in the inductor drops back to zero in each

switching cycle. This condition occurs when the following discontinuous conduction mode (DCM) criterion is satisfied,

Vr <
1� D
D

Vbat (5)

where Vr and Vbat are the output voltages of the rectifier and the battery, respectively. Assuming that the bridge voltage drop is

negligible compared to the input voltage, and, by adding a small ripple capacitor, the dynamics of the coil current can be
represented by the following differential equation,

e ¼ ðr þ R0Þ iþ Lc
d i
d t

(6)

where r and Lc are the coil resistance and inductance, respectively. For low frequency vibration of civil engineering structures,

which is usually below 10Hz, coil inductance (Lc) has a very small impedance. Therefore, Eq. (6) can be further simplified as
[12],

i ¼ e
r þ R0

(7)
Eqs. (1), (2) and (7) can be used together to find the electromagnetic force-velocity relationship of the damper,

fem ¼ k2

r þ R0
_x (8)
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2.2. Semi-active mode

In the semi-active mode, SW1 is disconnected and the harvesting circuit stops storing the current in the battery. In this
mode, a PWM signal with a fixed frequency Fsw and a variable duty cycle d, feeds into SW2. This signal periodically cuts off the
current flowing through the coil. With a switching frequency higher than the frequency of the input vibration, the back-emf e
can be considered constant during each switching period. In this case, the average current determines the electromagnetic
force of the damper and the effect of higher frequencies can be ignored. However, the impedance of the coil inductance
cannot be ignored under high frequency PWM. As the time constant of the coil (t¼ Lc/r) determines the duration taken for the
current to pass through the transient state, it is possible that the switch could turn off before the current reaches its steady
state. To avoid that condition, it is suggested that the duration of SW2 “on” be at least four times larger than the time constant
of the circuit. The limit for the maximum frequency of SW2 can therefore be set as,

Fsw <
r

4Lc
d (9)
Under this condition, the current and voltagewaveform of the coil are as shown in Fig. 2. The equivalent average resistance
of the circuit during each switching cycle is calculated as,

Req ¼ r
d

(10)
Also, the equivalent electromagnetic damping coefficient of the circuit is,

cem;eq ¼ k2

r
d (11)
Since the damping is proportional to the duty cycle, for a range of duty cycles between dmin to dmax, the range for the
electromagnetic damping can be adjusted as,

k2

r
dmin � cem;eq � k2

r
dmax (12)
Note that, unlike the damping coefficient in the passive case that is restricted by the DCM condition (Eq. (5)), the damping
coefficient in the semi-active case is not limited by an underlying condition. This makes it possible for the damper to have a
larger range of damping coefficients, without the restriction associated with the energy harvesting circuit. This is the main
reason for decoupling the passive mode from the semi-active mode using switch SW1 in the current design.

The variable damping coefficient can be determined from a semi-active control algorithm, which receives the sensor
measurements from the structure and calculates the desired damping coefficient. Additional discussion on the control al-
gorithm is provided in Section 5. The microcontroller calculates and generates the command signal to the switch. During this
process, the power needed to supply the monitoring units and processors can be provided by the harvested energy stored in
the rechargeable battery during the passive mode.

3. Prototyping

The EMmotor used for the experiment is a linear voice coil motor with a coil length of 50.8mm and a diameter of 44.5mm
[26]. The measured coil resistance is 6.8U, and the coil inductance is 4mH. The linear motor constant is measured to be 23 N/
A.
Fig. 2. (a) Voltage, and (b) current waveforms of coil during the switching of SW2.
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The schematic of the passive circuit and its prototype adopted in this study are depicted in Fig. 3. For the buck-boost
converter, three 220-mH inductors are connected in parallel resulting in 73.33 mH equivalent inductance. MOSFET switch
M1 was triggered by the PWM signal from a crystal oscillator (OV-7604-C7, Micro Crystal). The frequency of the signal was
32.768 kHz with a 50% duty cycle and the amplitude was 5 V. An n-channel power MOSFET (FQPF20N06) with 2 V gate
threshold was chosen for this application. A smoothing capacitor C1 of capacitance 100 mF was used to reduce the ripple of the
output voltage from the rectifier. A pack of 4 NiMH battery cells with 1.2 V nominal voltage per cell was used as the storage
unit. Capacitor C2 with the capacitance of 100 mF was added to filter any ripple current that might occur across the battery
[24]. A Schottky diode D5 with a low forward voltage drop of 0.39 V was chosen due to its lower current leakage. Four
Schottky diodes (D1-D4) are also used to form a full-bridge rectifier with a total forward voltage drop of 0.8 V. The oscillator
was supplied by a 4.8 V NiMH battery, and connected to the gate by a 500U R2 resistor. Its current consumption when it is
connected to the MOSFET gate was 2.2mA.

The schematic diagram and a prototype for the semi-activemode are demonstrated in Fig. 4. In order to realize switch SW2
in Fig. 1, two n-channel MOSFETs, M2 and M3 (FQPF20N06), are connected in series with both source terminals connected to
each other. This arrangement prevents the blockage of the alternating current by the internal diode of each single MOSFET.
The gates of the MOSFETs are triggered by a square wave generated by the controller circuit. The gate voltage VG, shown in
Fig. 5(b), alternates between two high and low statesþ VDC¼þ4.5 V and -VDC¼�4.5 V. For the positive polarity of e, the diode
of M3 is forward biased, thus, only M2 does the switching. For this case, since the source terminal of M2 is grounded, the gate-
to-source voltage (VG-S) is identical to VG.When e changes to negative, M2 is forward biased andM3 operates. Since the source
terminal of M3 is not connected to the common ground, the gate-to-source voltage of M3 is floating. As shown in Fig. 5(c), for
the amplitude of the back-emf, e0, the floating low state voltage increases up to e0-VDC. To ensure that switching occurs
Fig. 3. Passive energy harvesting circuit; (a) schematic diagram, and (b) actual prototype.



Fig. 4. Semi-active circuit; (a) schematic diagram, and (b) actual prototype.
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properly, e should not be lower than �6.5 V for a gate threshold voltage of VGS(th)¼ 2 V, otherwise the low state may not
correspond to the “off” state of the switch.

The microcontroller board selected to generate the command signal is Arduino Uno [27], and is capable of producing an
output voltage ranging between 0 and 5 V. However, as explained above, VG should have a negative low state. To achieve that
condition, a p-channel MOSFET M4 (FQPF27P06) is connected to a positive and a negative DC supplies, through a current
limiting resistor. With this configuration, for a signal with the frequency of Fsw and duty cycle of d’, coming from the Arduino
board, the resulting command signal VG has the duty cycle of d¼ 1- d’, and the same frequency Fsw. Resistor R4 with a high
resistance of 100 kU limits the current (90 mA), and thus the power drawn from the DC voltage supply. When the switch is
turned off, the sudden change of current induces a voltage spike across the MOSFETs. To eliminate potential damage, resistor
R3¼10 kU is added in parallel to provide a path for the inductor to discharge, and it has a high resistance so that it does not
affect the circuit. It should be mentioned that the passive and semi-active circuits can be easily incorporated into a single
circuit. However, they have been presented and studied separately for a better elaboration of each mode.
4. Experimental characterization

Fig. 6 shows the experimental set-up for testing the prototype of the damper. To generate the harmonic excitation, a
single-axis shake table was utilized. The displacement and force of the damper were measured via a load cell and a laser
displacement sensor. As mentioned earlier, when the terminals of the EM motor are left open and no current flows through
the coil, the damping generated from electromagnetic effect is zero. However, the EM motor still produces some additional
force due to the inherent parasitic damping and friction force of the device itself. There have been various nonlinear models
attempting to describe the mechanical characteristics of this parasitic force depending on the given configuration and design
of the EM damper [12,14,28,29]. Similarly, in this study, a rheological model is adopted that includes the parasitic force and
assumes a coulomb frictional element in series with a viscous damper, as shown in Fig. 7. The parasitic force can be described
as,



Fig. 5. (a) Input back-emf, (b) gate voltage (VG), and (c) gate to source voltage (VG-S) waveforms.

Fig. 6. Set-up of the prototype tested using shake table.
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fp ¼
�

cp _x; cpj _xj< fc
fcsgnð _xÞ; cpj _xj> fc

(13)

where cp and fc are the parasitic viscous damping and friction force of the EM motor.
To find the parasitic parameters defined in Eq. (13), the terminals of the coil were opened. Fig. 8(a) shows the force-velocity

diagram of the open-circuit case under the shake table harmonic displacement of 5mm and frequency of 4 Hz. By applying
the Levenberg-Marquardt curve fitting technique [30] to the measured data, cp and fc were found. The results of regression
under 4, 6, and 8 Hz excitation are summarized in Table 1. The average values are cp¼ 17.79 N s/m and fc¼ 2.47 N, respectively.
In contrast to the open circuit case where the electromagnetic damping is zero, the damper theoretically has the largest
damping cem,short¼ k2/rwhen the terminals of the coil are short-circuited. The force velocity diagram for the short-circuit case



Fig. 7. Rheological model of the linear EM motor.

Fig. 8. Force-velocity relationship of the EM damper; (a) open-circuit, (b) short-circuit [5mm, 4 Hz].
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is plotted in Fig. 8(b). Based on the parasitic properties obtained in the open-circuit case, the added EM damping coefficient
can be found again through regression. The average maximum electromagnetic damping under different frequencies is
74.44 N s/m, which is close to the theoretical value of 77.79 N s/m.

4.1. Passive energy harvesting mode

To find the emulated average resistance of the buck-boost converter, the input current ir (see Fig. 1) is calculated by
measuring the voltage drop across a small resistor (R1¼2.7U). This signal was filtered through a low-pass analog filter with a
cut-off frequency of 300 Hz. In Fig. 9, the output voltage of the rectifier Vr is plotted versus the filtered current ir under the
excitation frequency of 4 Hz. Linear curve fittingwas used to calculate the equivalent resistances, and the values are presented



Table 1
Open and short circuit mechanical properties of the EM damper.

Input excitation Parasitic damping coefficient, cp (N s/m) Friction force, fc (N) Short circuit damping coefficient cem,short (N s/m)

d¼ 5mm; f¼ 4 Hz 19.12 1.92 73.66
d¼ 5mm; f¼ 6 Hz 17.89 2.51 74.91
d¼ 5mm; f¼ 8 Hz 16.37 2.99 74.76

Average 17.79 2.47 74.44

Fig. 9. Rectifier output voltage (Vr) versus current (ir) [5mm, 4 Hz].
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in Table 2 for the excitation frequencies of 4, 6, and 8 Hz. The average resistance of the circuit is 22.5U, which is close to the
equivalent value of 19.2U calculated based on Eq. (4).

In Fig. 10, the open-circuit back-emf e is plotted against the current passing through the coil i for vibration frequencies of 4
and 8 Hz. In the range of �0.8 V to 0.8 V, no current passes through the coil, as the result of the bridge voltage drop. Beyond
this range, voltage and current exhibit a linear relationship. As can be seen, even though the zero-current zone increases the
total equivalent resistance of the circuit, its effect becomes less pronounced as the vibration frequency increases. Hence, for
the considered range of frequency, the assumptions made for Eq. (7) are valid and the passive energy harvesting circuit plus
the coil show a near constant resistive behavior. The equivalent resistance Rpassive of the circuit for the different frequencies
are given in Table 2with an average value of 32.4U. The force-velocity diagram of the damper under 4 Hz excitation frequency
is also plotted in Fig. 11.

To estimate the amount of harvested power, the average battery current ibat is measured using a high accuracy multimeter.
For 4, 6, and 8 Hz of excitation frequencies, the average harvested current flowing into the battery was measured to be 10, 21,
and 32mA, respectively. For the battery voltage of 5.13 V, they correspond to 52, 109, and 166mW of harvested power. The
total efficiency of damper can be defined as,

h ¼ Pbat
Pin

(14)
where the average mechanical input power to the damper (Pin), and the harvested power to the battery (Pbat) are,

Pin ¼ 1
t

Zt

0

f : _xdt (15)
Table 2
Electrical and mechanical properties of the passive mode circuit.

Input excitation Emulated resistance of the
buck-boost converter, R0 (U)

Equivalent resistance of the
coil and circuit, Rpassive (U)

Equivalent EM damping coefficient
cem (N s/m)

d¼ 5mm; f¼ 4 Hz 23.0 33.2 15.9
d¼ 5mm; f¼ 6 Hz 22.4 32.0 16.5
d¼ 5mm; f¼ 8 Hz 22.1 32.2 16.4

Average 22.5 32.4 16.3



Fig. 10. Relationship between the induced back-emf and coil current.
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Pbat ¼
1
t

Zt

0

Vbat:ibatdt (16)
In Table 3, column (8) gives the efficiency of the damper for the three frequencies with an average efficiency factor of 0.29.
The main sources of power loss in the damper are the mechanical power loss due to the parasitic force and the electrical
power loss inside the coil, diodes conduction loss in the rectifier, and the buck-boost converter components. To investigate the
share of each source in the total efficiency, two intermediate efficiencies are defined as below,

h1 ¼ Pem
Pin

(17)

Pbat
h2 ¼
Pem

(18)
where,
Fig. 11. Force-velocity relationship of the damper in the passive energy harvesting mode [5mm, 4 Hz].



Table 3
Harvested power and efficiency.

(1) (2) (3) (4) (5) (6) (7) (8)

Excitation
frequency

(Hz)

Battery average
current,
ibat
(mA)

Battery harvested
power,
Pbat
(mW)

Input electrical
power,
Pem
(mW)

Input mechanical
power,
Pin
(mW)

Efficiency
h1

Efficiency
h2

Efficiency
h

4 10 52 103 217 0.47 0.50 0.24
6 21 109 208 368 0.57 0.52 0.30
8 32 166 302 499 0.61 0.55 0.33

Average e e e e 0.55 0.53 0.29

Fig. 12. Time history of current in the semi-active mode for d¼ 0.55.
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Pem ¼ 1
t

Zt

0

e$idt (19)
Efficiency factor h1 reflects the contribution of the mechanical power loss, and h2 shows the share of the electrical power
loss. The average mechanical efficiency h1, for the tested prototype, is 0.55, and the average value for the electrical efficiency
h2 is 0.53. A higher electrical efficiency (h2) could be achieved by reducing the equivalent resistant of the buck-boost converter
down to the resistance of the coil [31], or by reducing the resistive loss inside the components.

4.2. Semi-active mode

Taking a minimum duty cycle of dmin¼ 0.2, the switching frequency Fsw is set to 100 Hz to satisfy the criterion in Eq. (9).
Fig. 12 displays the time history of the current passing through the coil for d¼ 0.55, when the damper is excited with a 5-mm
amplitude and 4-Hz harmonic vibration. It can be seen that modulation of the current, and accordingly the force, is done
properly. For duty cycle values of 0.15, 0.35, 0.55, and 0.75, the average current, filtered with an analog low-pass filter, is
plotted in Fig. 13. The theoretical values are calculated based on Eq. (10) and the open-circuit voltage measurement. It can be
seen that the experimental current measurements match quite well with the corresponding theoretical values. As shown in
Fig. 14, the semi-active circuit is capable of producing the required resistance by adjusting the duty cycle from dmin ¼ 0.2 to
dmax¼ 0.8. This implies that the damper is capable of providing variable damping coefficients between cem,min¼ 15.56 N s/m
and cem,max¼ 62.23 N s/m (Eq. (12)) effectively. In Fig. 15, force-velocity relationship of the damper is plotted, when the duty
cycle is varied from 0.2 to 0.8. The hatched area in the figure defines the feasible force region of the damper. The boundaries
are defined based on the short circuit damping coefficient and the intrinsic parasitic damping coefficient and friction force of
the damper. The fact that during the semi-activemode the energy harvesting circuit is disconnectedmakes it possible to cover
a larger area of the force-velocity domain [20].

Finally, to have an estimate of the power consumption of the semi-active mode, the current drawn by the Arduino board
connected to two accelerometers (MPU-6050) was measured. It was found that a current of 70e80mA passed through the
board under a 5.2-V DC power supply, which corresponded to power consumption of 364e416mW. According to the results
in Table 3, for the harmonic excitation of 8 Hz and 5mm, the harvested power of the passive mode is 166mW. Therefore, by
operating in the passive energy harvesting mode for 2e3min, the damper should be able to sustain the semi-active mode for
1min.



Fig. 13. Filtered current for various duty cycles in the semi-active mode (d¼ 0.15, 0.35, 0.55, 0.75).

Fig. 14. Semi-active circuit equivalent resistance versus duty cycle.

Fig. 15. Force-velocity relationship of the damper in the semi-active mode (d¼ 0.2e0.8).
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5. Sliding mode based controller for semi-active mode

As mentioned earlier, the total force exerted on the structure comprises an electromagnetic force fem, which can be tuned
by the circuit, and a nonlinear parasitic force fp which depends on the damper's mechanism and properties. Tuning the semi-
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active mode, without considering the nonlinear effect of fp could compromise the performance of the damper. Even though
some attempts can be done to find the constitutive model of the parasitic force, finding a general solution that fits all EM
devices seems intractable.

In this section, a semi-active control algorithm is adopted to mitigate the vibration of a structure under ground acceler-
ation. The formulations are set-up for a single degree-of-freedom (SDOF) structure, which can easily be extended to multi-
degree-of-freedom (MDOF) structures as well. Consider the SDOF model shown in Fig. 16(a), which is equipped with an
EM damper. The governing equation of motion can be represented in state-space format as below,

_z ¼ Azþ B
�
fem þ fp

�
þ E€xg (20)

where in the state vector z¼ [x, _x], x and _x are the relative displacement and velocity with respect to the ground, and €xg is the
ground acceleration. Force fp can be considered as a general non-linear term depending on the state z. The problem is to find a
robust control force fem that can drive the response of the structure to zero, in the presence of an unknown bounded nonlinear
mismatch fp. The sliding mode control technique is a viable method that can resolve this type of problem. Following the
procedure proposed in Ref. [32], a slidingmode controller (SMC)was developed to track the response of a closed-loop optimal
system. One advantage of the SMC is that it does not require a force feedback loop [33] which can simplify the semi-active
control implementation.

Assuming that the EM damper is replaced by an ideal actuator (see Fig. 16(b)), the dynamics of this reference structure can
be described as,

_zr ¼ Azr þ Buþ E€xg (21)

where zr¼[xr, _xr] is the state vector of the reference structure, and u is the input force of an ideal feedback optimal control law,

which can be written as,

u ¼ Gzr (22)
Defining an error variable e,

e ¼ x� xr (23)
The error vector between the actual and the reference structures can be defined as,

e ¼
�
e; _e;

Z
edt

�T
(24)
Based on Eqs. (20), (21) and (24), the error dynamics takes the following form,
Fig. 16. (a) Actual and (b) reference structures.
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_e ¼
�
A þ BG 02�1

1 01�2

�
eþ �BG

0

�
zþ

�
B
0

��
fem þ fp

��
(25)
Define a sliding surface or switching function as,

s ¼ h1eþ _eþ h2

Z
edt ¼ he (26)

where h is a vector of theweighting factors. According to the slidingmode theorem, for a candidate Lyapunov function VðsÞ ¼

s2

2 , the input fem is able to drive the variable s to zero in finite time, if _VðsÞ ¼ s _s � 0. This condition can alternatively be
written as [34],

s _s � �bjsj; b>0 (27)

where b is a strictly positive constant. By selecting a control input as,
f em ¼ mhAeeþ Gzþ rsgnðsÞ; r>0 (28)
�
A þ BG 0 2�1

�

Ae ¼ 1 01�2

(29)

the derivative of the sliding surface is,
_s ¼ �1
m

�
fp þ rsgnðsÞ

�
(30)
Substituting Eqs. (26) and (30) into Eq. (27), the sliding condition becomes,

r � mb� fpsgnðsÞ (31)
Thus, the lower bound for parameter r in the control force can be determined as,

r � mbþ jfpj (32)
This equation suggests that knowledge of the bound of nonlinear force fp is sufficient to ensure that the control force fem
can track the states of the reference structure. It should be noted that the passivity constraint of the semi-active damper is not
incorporated in Eq. (32). This passivity constraint prescribes that the damper force must always stay in the dissipative region.
By adding that, the actual force takes the following form,

fem ¼
�
f em; f em _x � 0
0; f em _x<0

(33)
Note that when fem¼ 0, the error trajectory could go off the sliding surface even if Eq. (32) is satisfied. However, the nature
of semi-active control guarantees that the closed-loop system always remains stable. After calculating the control force from
Eq. (33), the duty cycle d that realizes the damping coefficient of the semi-active mode can be obtained as,

dðtÞ ¼ r
k2
:
femðtÞ
_xðtÞ (34)
6. Vibration control of a SDOF model

6.1. Experimental set-up

In this section, the performance of the damper is experimentally investigated for vibration mitigation of a single-story
small-scale shear frame model under base excitation. The set-up of the experiment is shown in Fig. 17. The aluminum col-
umns are fixed to the shake table. The model can only vibrate in a single lateral axis owing to its relative rigidity in the
perpendicular direction. The frame height and span are 34 cm and 26.5 cm, respectively. The effective mass of the model is
2.04 kg and its lateral stiffness is ks ¼ 2389 N/m. An additional 5-kg mass is added to the model, which reduces the natural
frequency of the oscillating system to 2.93 Hz. The damping ratio of the original model is around 1%.



Fig. 17. Experimental set-up (semi-active mode).
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6.2. Passive energy harvesting mode

For the first case, the terminals of the damper are connected to the passive energy harvesting circuit developed in Section 3
(Fig. 3). To evaluate the control performance of the passive circuit, the transmissibility ratio of the model is plotted in Fig. 19
for different excitation frequencies. The data obtained from the experimental measurements are shown with scattered
symbols, and the continuous lines show the theoretical graphs. The open-circuit case is included to illustrate the damping
effect introduced by the parasitic force alone. Clearly, the uncontrolled model with no damper has the largest transmissibility
values. For the passive case, the model resembles the performance of a systemwith an equivalent damping ratio of xpassive ¼
12.5%, while for the open-circuit case the damping ratio of the system (xopen) is around 6.5%. The additional 6% damping
between the passive and the open-circuit cases is attributed to the electromagnetic damping produced by the circuit. This
value is in accordance with the average electromagnetic damping coefficient of 16.3 N s/m (Table 2), which results in a 6.3%
added damping to the model.

Regarding the design of the passive energy harvesting mode, there are two main factors that govern the operational range
of the harvesting circuit. The back-emf voltage generated by the EM motor must be within a given range in order to exhibit a
constant resistance and hence a constant damping coefficient. The lower bound of the voltage is determined by the voltage
drop across the bridge rectifier. When the input back-emf e is smaller than the bridge voltage drop Vd, no current passes
through the circuit, no electromagnetic damping is produced, and no energy is harvested. The effect of voltage drop becomes
insignificant as the amplitude of the back-emf e0 increases. The back-emf amplitude is related to the relative velocity of the
model with respect to the ground. For a linear SDOF system under ground excitation, the transfer function relating the ve-
locity of the structure to the ground displacement is,

Rvðu;un; xÞ ¼
_x0

xg;0
¼ u$

ðu=unÞ2��
1� ðu=unÞ2

�2 þ ð2xu=unÞ2
�1

2

(35)

where xg;0 and u are the base displacement and frequency respectively, un is the model natural frequency, and x is the model
equivalent damping ratio. Therefore, the amplitude of open-circuit back-emf voltage can be found as,

eopen0 ¼ kxg;0Rv
�
u;un; xopen

�
(36)

where xopen is the model equivalent damping ratio for the open-circuit case. Fig. 20(a) shows the variation of open-circuit
voltage amplitude for the given experimental model. For a voltage drop of Vd¼ 0.8 V, the white area shows the region that
eopen0 < 0.8 V. Beyond that region, the passive energy harvesting circuit begins to produce damping and harvest energy.

On the other hand, the upper bound of voltage is determined by the DCM condition given in Eq. (5). The rectifier voltage Vr

under DCM condition can be estimated as,

Vr;0 ¼
�
epassive0 � Vd

�
$

R0
R0 þ r

(37)
where the back-emf amplitude of the passive case is



Fig. 18. Schematic diagram of the test set-up for (a) the passive energy harvesting mode and (b) the semi-active mode.

Fig. 19. Displacement transmissibility ratio (lines: theoretical, scattered points: experimental results).
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Fig. 20. (a) Open-circuit voltage amplitude e0, (b) maximum rectifier voltage Vr.
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epassive0 ¼ kxg;0Rv
�
u;un; xpassive

�
(38)
Fig. 20(b) shows the maximum rectifier voltage variation with respect to the base displacement and frequency. For the
given duty cycle D¼ 0.5 and the rechargeable battery voltage Vbat¼ 5.2 V, the black region where Vr> 5.2 V represents the
domain in which the DCM condition is no longer valid. Fig. 20(a) and (b) together define the operation region of the passive
energy harvesting circuit.

In terms of the harvested energy, the efficiency of the damper defined in Eq. (14) is plotted in Fig. 21 when the model was
excited with a 3-mm amplitude harmonic displacement. It is seen that no power is harvested for frequencies below 2Hz. For
the higher frequencies, the efficiency varies between 0.11 and 0.31, with an average value of 0.26.

The theoretical value for the harvested power can be approximated as,
Fig. 21. Total efficiency versus frequency.
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Pbat ¼ hmunxpassivex
2
g;0R

2
v

�
u;un; xpassive

�
(39)
In Fig. 22, the measured harvested power (Pbat) is compared with the theoretical values calculated from Eq. (39).

6.3. Semi-active mode

Next, the semi-active circuit is connected to the terminals of the damper. The schematic diagram of the set-up and its
components are shown in Fig. 18(b). In this experiment, two laser displacement sensors (LDS) are used to measure the
displacements of the model and the shake table. The acceleration of the shake table is measured using an ADXL analog
accelerometer. Since the control algorithm described in Section 5 is based on a full-state feedback control, both the
displacement and velocity responses of the model are required to calculate the optimal input force. The velocity response is
estimated from the measured displacements. Also, an exponential moving average (EMA) filter [35] is used to filter the
sampled data in real time and attenuate the effect of the higher frequency noise.

The LQR control algorithm is used to construct the reference model for the SMC. The feedback gain matrix G (Eq. (22)) is
found through the algebraic Riccati equation pertinent to the LQR control. The states weight matrix Q and the input weight R
are set as follows,

Q ¼
	
2389 0
0 7:04



; R ¼ 0:002 (40)
For the sliding mode controller, the weighting factor vector is,

h ¼ ½10 1 1 � (41)
Based on the characterization of the damper, the bound of the parasitic force can be estimated to be around 2.5 N (Table 1).
Hence, r¼10 is selected to ensure the sliding mode condition in Eq. (32) is satisfied.

A band-limited Gaussian noise with a range of 0e10 Hz and a variance of 2mm is generated to excite the model. For the
structural natural frequency of 2.93 Hz, this is an accurate estimation of a random white noise excitation. Fig. 23 shows the
total displacement of the model for 30 seconds of excitation. It is seen that the semi-active EM damper with SMC can
effectively moderate the displacement of the model. The root mean square (RMS) value of the displacement for the un-
controlled case is 12.05mm, and for SMC it is reduced to 3.35mm.

In Fig. 24(a) and (b), the measured absolute acceleration and displacement of the SMC controller are compared with the
corresponding responses calculated using the ideal LQR controller. In the ideal LQR case, the response of the structure is
obtained for a linear systemwith no parasitic force. The small difference between the two cases demonstrates the success of
SMC in tackling the effect of the nonlinear parasitic force, and how well it can track the response of the ideal LQR case.

It should be noted that for a structure under ground excitation, the added damping due to the parasitic force may have
favorable effect on the relative displacement (drift) of the structure, but it can have negative impact on the absolute accel-
eration. This can affect the occupants comfort and be damaging to the building contents and non-structural components [36].
Fig. 22. Harvested power versus frequency.



Fig. 23. Comparison of displacements for the controlled and uncontrolled cases.

Fig. 24. Comparison of the sliding mode controller (SMC) with the ideal LQR case.
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6.4. Comparison of the passive energy harvesting mode and the semi-active mode

In this section the performance of the two operational modes of the damper is comparedwith each other. For this purpose,
the model is excitedwith a sine sweep ground displacement with an amplitude of 2mm and the frequency range of 1.5e8Hz.
Fig. 25 illustrates the displacement response of the model for three cases, namely the open-circuit, the passive energy har-
vesting mode, and the semi-active mode. It is seen that the semi-active mode has the smallest displacement and apparently
outperforms the other two cases. The passive harvesting mode also performs better than the open-circuit case. Fig. 26 il-
lustrates the displacement frequency response functions of themodel. In addition to the previous cases, the uncontrolled case
is also added, in which the damper is completely removed from the structure. The comparison of the frequency domain
responses across the considered frequency range reveals the advantage of the semi-active mode over the other cases.
Particularly, it is evident that the displacement is significantly reduced around the resonant frequency.



Fig. 25. Displacement time histories under sine sweep excitation (2mm, 1.5e8.0 Hz).

Fig. 26. Frequency response functions of the displacement.
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7. Conclusions

Prototyping and experimental characterizationwere performed for a novel hybrid EM damper. This damper was designed
to switch between a passive energy harvesting mode and a semi-active control mode depending on the amount of energy
harvested and stored in the battery. Under harmonic excitation, the passive energy harvesting mode exhibited an actual
average resistance close to the theoretical value. It is shown that the average efficiency of the passive energy harvestingmode
is around 30%. In the semi-active case, a detailed explanation of the operation of the circuit was given, and the tuning range of
the semi-active modewas experimentally verified. A slidingmode based controller was developed to address the effect of the
nonlinear parasitic force appearing in addition to the electromagnetic force.

Finally, the prototype of the damper along with the control algorithmwere examined in a laboratory setting, for vibration
control of a small-scale shear frame structure. It is shown that the passive energy harvesting mode was able to increase the
equivalent structural damping ratio of the model up to 6%. For the semi-active mode, the displacement response of the model
under random band-limited Gaussian noise is presented. It is demonstrated that the slidingmode based controller could track
the response of a closed-loop optimal system despite the effect of the nonlinear parasitic force. In order to have a full picture
of the damper's performance, both modes were compared with the uncontrolled and open-circuit cases. Using a sine sweep
excitation, the advantage of the semi-active mode over the other cases was displayed in terms of displacement mitigation.

Further studies are needed to investigate the full-scale application of the damper. To scale-up the damper, a larger EM
motor with a larger motor constant is necessary. In that case, rotary motors might be more suitable options as they tend to
have a smaller coil resistance and are able to generate a larger back-emf.
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