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ABSTRACT:

Over the past decades, the research on structural vibration control has mainly focused on ‘energy
dissipation’ strategy using various dampers for hazard mitigation. This paper proposes a novel
application of linear motion electromagnetic (EM) devices, termed linear EM dampers in this
paper, for both vibration damping and energy harvesting. The kinetic energy caused by
earthquakes, wind or traffic loads is not only dissipated by EM dampers, but also stored by
energy-harvesting electric circuits connected to EM dampers. The green and regenerative energy
output may provide an alternative power supply to portable and wireless devices at remote sites.
This paper presents a theoretical and experimental study of linear EM dampers connected with
four representative circuits. The dynamic characteristics of linear EM dampers, including
parasitic damping, EM damping, energy conversion efficiency and effective output power, are
modeled and discussed systematically in each case. The modeling is further verified by a series
of dynamic testing of a small-scale linear EM damper, which is cyclically tested on a MTS
machine at different frequencies and amplitudes. A good match between the modeling and
testing results clearly demonstrates that the described model can predict the performance of the
linear EM damper and energy harvesting circuit very well. The promises and challenges of using
EM dampers in future civil infrastructure for both vibration damping and energy harvesting are

discussed based on the outcome of this study.
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1. Introduction

Structural control and health monitoring, as two key components in smart structure technology,
have seen significant progress in the past three decades. Structural control refers to the means of
protecting primary structural system against dramatic vibrations and possible damages induced
by traffics, wind, waves and earthquakes. A common and successful way is to dissipate
excessive kinetic energy of structures via various damping devices, e.g. viscous fluid dampers,
visco-elastic dampers [1], friction dampers [2], metallic yield dampers [3], buckling-restrained
braces [4], magneto-rheological (MR) fluid dampers [5-6],and so on [7-9]. In most situations, the
mechanical energy is converted to heat, and thus energy dissipation is often associated with
undesirable self-heating, especially for viscous fluid dampers and MR dampers which are

sensitive to temperature change [10-11].

Meanwhile, energy harvesting from ambient vibration sources for self-powered microsystems
has emerged as a prominent research area [12-13]. A variety of mechanisms or materials have
been explored, including electromagnetic induction [14], piezoelectricity [15], electrostatic
generation [16], dielectric elastomers [17]. In particular, a great effort has been dedicated to the
alternative power supply to wireless sensor networks [18-25]. For example, Torah et al. [22]
developed a prototype of wireless sensor nodes powered by a micro-generator. Sozonov et al. [23]
conducted field monitoring of a highway bridge using wireless sensors powered by an EM
generator that harvests the energy induced by passing vehicles. In addition, Miller et al. [24]
developed a solar energy harvesting system to power Imote2 wireless sensor networks, and

validated its effectiveness on a cable-stayed bridge in South Korea.



Considering the emerging need of renewable energy at remote sites, the conventional ‘energy
dissipation’ strategy may not be an optimal structural control strategy. So far, rare attention has
been paid to energy harvesting dampers. In vehicle industry, some researchers developed
regenerative vehicle suspension system using either electro-rheologic fluid dampers or electric
actuators [26-30]. For example, Suda and Shiiba [27] proposed a hybrid suspension system with
active control and energy generation functions. Based on that, Nakano et al. [30] developed a
self-powered active control system. Additionally, vibration damping as a result of piezoelectric
energy harvesting has been studied [31-32]. In the field of civil engineering, although a great
amount of kinetic energy associated with the vibrations of civil structures provides potentially
green energy to wireless electronic devices, relevant research works have been rarely reported in

this regard.

Therefore, this paper presents a study of linear electromagnetic (EM) devices, termed linear EM
dampers, which convert structural vibration energy into electricity efficiently. EM dampers can
work in passive, semi-active or active modes [28, 33-40]. For example, Palomera-Arias [35-36]
utilized an EM device as a passive damper, and studied the modeling of EM damping coefficient
and the feasibility of using it for building vibration control. Cheng and Oh [39] proposed to use
an EM damper for semi-active multi-mode vibration control of cantilever beams. Kim et al. [28]
investigated active vibration control of vehicle suspension system using an EM damper. Zhang
and Ou [40] performed theoretical and experimental study on the active vibration control of two-

story shear building using an EM mass damper.

Provided that electricity energy is properly stored in energy storage elements (e.g.
supercapacitors and rechargeable batteries), EM dampers can provide a green and regenerative

power supply to portable and wireless devices at remote sites, and can serve as a superior
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structural element with both vibration control and energy harvesting functions. Therefore, this
paper aims to investigate the feasibility of using EM dampers for the both purposes
simultaneously. The EM damper connected with four representative electric circuits has been
theoretically and experimentally investigated, with a focus on several major characteristics,
namely parasitic damping, EM damping, energy conversion efficiency and output power. The
modeling of the EM damper’s characteristics is first established based on the principles of
structural dynamics and electromagnetics. Moreover, a series of dynamic tests of a small-scale
prototype EM damper at different loading frequencies and amplitudes were performed to
experimentally characterize the EM damper and to verify the proposed model. The comparison
between the modeling and testing results demonstrates that the modeling technique can well
predict the dynamic behavior of the EM damper and energy harvesting circuits. The
experimental study is followed by a brief discussion of the feasibility of using EM dampers in

civil infrastructures for both vibration damping and energy harvesting.

2. Modeling of EM Damper

2.1 Configuration of EM Damper

A passive linear EM damper is essentially a permanent magnet linear motor which is able to
produce electrical power from motions. Figure 1-(a) shows a typical configuration of a linear
moving-magnet DC motor [36]. It is composed of two major components — a permanent magnet
and coils. According to Faraday's Law, when the permanent magnet and coils move relative to
each other, an electromotive force (emf) is generated in the coils; according to Lorentz Law, the
emf produces a current if the circuit is closed, and consequently an EM force is exerted on the
moving magnet. The EM damping force is always against the relative movement and converts a

portion of vibration energy into electricity instead of heat.



2.2 Power Flow

According to the energy balance equation, the input energy to a structure subjected to dynamic
external excitations is always equal to the summation of the kinetic energy of structural mass, the
elastic strain energy, the dissipative energy caused by structural inherent damping, and the
dissipative energy caused by passive dampers if any [7]. The last part of energy would be
absorbed by the EM dampers if the structure is equipped with an EM dampers-energy harvesting
(EMDEH) system. On the other hand, this part of power becomes input power Pi, to the
EMDEH system,

P, =F % (1
where F' and x are the instantaneous damper force and the velocity of the moving magnet
respectively. The input power is dissipated by two different damping effects of the EM
dampers—parasitic damping power P, and EM damping power P,. Parasitic damping arises due
to various mechanical power losses when the EM dampers are in motion. In general, parasitic
damping is independent with the current in circuit, and can be evaluated in an open-circuit
situation. The other part of the input power, Pen, is transferred to electrical energy in the circuit
in Figure 1-(b). EM damping arises only when the circuit is closed and the current flows in the
circuit. Only a portion of electric power, termed output power Py, can be finally stored in
energy storage elements or be utilized by end instruments. The other part will be dissipated by
the copper loss of the coil, P, and the power loss induced by the energy harvesting circuit, Pjoss.
Figure 2 shows the power flow in a vibrating structure with EMDEH system. The energy balance
equation can be written as:

])in:]);)+Pem:Pp+P +P, :])[)+Pcoil+Ploss+])out (2)

coil gross



where Pgross 18 the gross output power from the EM dampers. EM dampers are more attractive
than conventional passive dampers in civil infrastructures in the sense that EM dampers not only
provide energy dissipation mechanism to mitigate structural vibration, but also enable energy
harvesting from structural vibration. In Equation (1), all the terms represent the instantaneous
powers. When the EM damper is subjected to a harmonic oscillation with constant displacement
amplitude as described by
x=dsin(2z ft) 3)

where x is the displacement time history, d is the displacement amplitude and f'is the oscillation

frequency, it is common to evaluate the average power in one cycle

}_’in:%'[OTPm-dt, E:%IOTPp-dz, P :%IOTPem-dt, Pu=n[ Py-dt (4

em out T 0 out

2.3 Parasitic damping

As aforementioned, parasitic damping arises due to various mechanical losses, e.g. friction loss,
windage loss, magnetic loss (also known as iron loss), etc., when the linear EM damper oscillates.
Usually the magnitude of parasitic damping cannot be overlooked, compared with the EM
damping. Although modeling each loss separately is possible, it is often impractical to directly
apply such complex modeling in dynamic analyses of civil structures with EM dampers.
According to the observations in the testing, the parasitic damping is modeled by a superposition
of two components—viscous damping and coulomb damping—in this study. These two damping
forms are widely considered in dynamic analyses of civil structures. The latter one is a typical
rate-independent damping form used to account for the friction effect. Under a harmonic

excitation, the average power of parasitic damping can be estimated by:
P =4k fd + 2k, 7" f*d* (%)
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where k; represents the magnitude of the friction force, and £ is the viscous damping coefficient.

Based on the average power of parasitic damping F,, the equivalent viscous damping coefficient

C, for the parasitic damping can be evaluated according to the equal energy dissipation rule:
5 _ 1 ¢r .2
P = ?jo C,idt (6)

From Equations (5) and (6), the equivalent viscous damping coefficient for parasitic damping
reads

o 2%
oxtd

+k, (7)

where k; and k, are the constants to be evaluated using f’p The equivalent viscous damping

coefficient C, varies with the frequency and amplitude of the harmonic oscillation because of the

consideration of coulomb damping.
2.4 EM Damping

Figure 1-(b) shows an equivalent circuit of the EM damper, where the AC source U, represents
the open-circuit voltage which is generated when the permanent magnet moves relative to the
coils, and L and R represent the inductance and resistance of the coils. As derived from
Faraday’s law of induction, the back emf e is proportional to the velocity of moving part in the
EM dampers but opposite in sign [30]. Then the open circuit voltage Uy is given by
U,=-e=K_x (8)

where K. is the back emf constant (V-s/m) dependent on the geometric and magnetic properties
of the EM dampers. Once the circuit is closed, the emf (i.e. open-circuit voltage) would drive a
current /; to flow in the circuit, and according to Kirchhoff Voltage Law (KVL), we have

U,=LI+RI +U, 9)

coil
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Considering the typically low vibration frequencies of civil structures (e.g. 0.1 — 10 Hz) and the
relative small value of L of the tested damper, the effect of the coil inductance is ignored in this
study unless otherwise stated. According to Lorentz law, an EM damping force proportional to
the current in the coil would be exerted on the part in motion:

= (10)
where [, is the current in the coil as shown in Figure 1-(b), and the proportional coefficient K is
force constant of the damper (N/A), which is equal to K.. Hence K = K¢ = K. are also known as
the motor constant of liner-motion EM devices. The instantaneous power of the EM damping can
be expressed by

P, =F,i=U,I (11)

Similar to Equation (6), when the EM damper is subjected to a harmonic displacement, the

equivalent viscous damping coefficient for the EM damping can be evaluated by

em

__]T _]T 2
Qm—?LPcﬁ—?Lmem (12)

The maximum current /; max, Often achieved by shorting the circuit, would lead to the maximum
EM damping coefficient Cemmax. The total damping coefficient of the EM damper C is the
superposition of the parasitic damping and the EM damping:

c=C +C,, (13)

2.5 Energy Conversion Efficiency

In addition to the above-mentioned power of the parasitic damping and the EM damping, the

other power terms in Equation (2) can be computed by

P

coil —

112 Rcoil ( 1 4)



— UI(UO _Ul)

—pP, +P, =U]I, -

gross out loss

(15)

coil
where P, stands for any power loss involved in the rectifier or energy harvesting circuits. The

maximum instantaneous gross output power Pgrossmax OCCUrs when dP, / du, =0, i.e.

2
When Ul = %’ Pgross,max = 4120

coil

(16)

Considering the average output power P,

out

when subjected to a harmonic excitation, the energy

conversion efficiency # of the EMDEH system is defined as:

n= [—(;ut =101, 01 (17)

mn

S

where 14, 7, and 73 are three energy conversion ratios:

I_Dem Fem Cem
=t o (18)

M= =7 ~l-S—— (19)

773 — ut - ut_ (20)

A small parasitic damping or a high motor constant can maximize the ratio 77,; a small resistance
of the coil can maximize the ration 77,, and a high-efficiency circuit design can maximize the
ratio 113. In order to enhance overall energy conversion efficiency, we have to minimize the total

power loss in EMDEH system, }_’p + P, +P,. It is noteworthy that the maximum output power

P,y max do€s nOt occur simultaneously with the maximum EM damping Cemmax; and furthermore,

P, max May not be corresponding to the maximum energy conversion efficiency 7, . under a



harmonic displacement excitation (as defined in Equation (3)), because the input power to the

EM damper P, is not constant.

2.6 Case Study

Given that U, is known, the magnitudes of /; and U, in Figure 1-(b) and Equation (9)
significantly depend on the characteristics of the external circuit outside the EM damper, which
hereby affects the vibration damping and energy harvesting features of the EMDEH system. Four
representative circuits shown in Figure 3 are considered in this subsection. The damping
coefficient, the output power and the energy harvesting efficiency are discussed based on the
current-voltage relationship. As aforementioned, the coil inductance L is considered small and

ignorable.

Case 1: Open Circuit
In case 1, the circuit is open and the EM damper is not connected to any external electric load.
As a result, we have
I,=0, U =U, 21

c,=0, C=C,, P, =P (22)
Therefore, the parasitic damping and the open-circuit voltage could be studied in this case
through the cyclic behavior of the EM damper.
Case 2: Circuit with Constant Resistor
In case 2, the external electric load is a resistor of a constant resistance Rjog. The Equation (9)

can be rewritten as

J =——0 23
1 R + Rload ( )

coil
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From Equations (8) and (10), we have

K2
en =k (24)
Rcoil + Rload
KZ
Cpp=—"—"" (25)
Rcoil + Rload

Equation (25) is reported by [41] as well. As shown by Equation (24), the EM damping force is
proportional to the velocity, and thus the EM damping can be viewed as linearly viscous
damping when the EM damper is connected to a resistor alone. Moreover, the EM damping
coefficient can be easily changed by adjusting the external resistance Rjpg. Obviously, the

maximum EM damping can be achieved in the situation of a short circuit, i.e.

C =K?/R

em,max coil

whenR,,, =0 (20)

The average parasitic damping power in one cycle is given by Equation (5). On the other hand,

based on Equation (12), the average EM damping power in one cycle can be rewritten as

p 2K U,
“ R __+R 2(R,,+R,,,)

coil load

27)

coil
where U,, = 2nfdK is the peak open-circuit voltage under a harmonic displacement excitation.
The average input power to the EMDEH system can be evaluated by Equations (2), (5) and (27).

If we consider that the power consumption by R, ,,is the output power, no power loss arises in

loay

the external circuit, i.e. 7, =1. The instantaneous output power is

K’R .
Py =Ul = ———— % (28)
(Rcoil + Rload)
The maximum output power is as follows
2
P()ut,max = 4R xz When Rcoil = Rload and Ul = UO /2 (29)

coil
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Consistent with the observation by [36, 42], the maximum output power occurs at impedance

matching (i.e. R, = R, )- This is consistent with the observation by. When the EM damper is

coil
subjected to a harmonic oscillation, the average output power could be computed from Equations

(3), (4), (28) and (29):

- 27 f*d°K’R °R
[)Om — T f l(z)ad — Um load - (30)
(Rcoil + Rload) 2(}acoil + Rload)
_ 72 fz d2K> Ui
out,max = = (3 1)
2Rcoil 8Rcoil
From Equation (19), the energy conversion ratio 7, is
U R
772 — ~1 — load (32)
Uy R+ Riaa

When the coil resistance is much less than the external resistance, i.e. R, << R, , the 7,

coi

approaches the upper limit 77, 1 . Nevertheless, the maximum output power P

out,max

corresponds to 77, = 0.5. The overall energy conversion efficiency is

C Rload _ K ’ a

€

Cp + Cem ' Rcoil + Rload B CpRcoil (1 + a)z + K2 (1 + 0[)

N=11,1; = (33)

where a = Rjoad / Reoil- The optimal energy conversion efficiency occurs when dz/da =0, i.e.

K2
C.R

p”teoil

when a,, = |1+ =X/ (34)

Equation (7) implies that the parasitic damping coefficient C, is dependent on the vibration
frequency and amplitude, if the coulomb damping is considered. Therefore, the optimal value
aopt also depends on the frequency, amplitude and the values of & and k»:

when k, >0 or f—>0 or d >0
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C, =, Ay =1, Mmax =0

P opt
when £k, >0 or f—o or d >® (35)
C,=ky,, a,=\1+K>/k,R >1
77 — Kzaopt

kZRcoil(l + aopt)z + K2(1 + aopt)

In general, the optimal value «,, is greater than 1 and the maximum energy conversion
efficiency n,,, increases with the frequency and amplitude of the displacement oscillation. Figure

4 illustrates an example of the variations of P, P, , P, .» 1, 7, and n with the parameter a in

case 1. The corresponding parameters in this example are consistent with those used in the next
section (K=7.474 V-s/m, R..;=4€), f~6Hz, d=11mm). It can be seen that the energy conversion

ratios 77, monotonically decreases with the parameter a, while 77, monotonically increases. The

overall energy conversion efficiency 7 has a maximum value when a=1.99, according to

Equation (34). On the other hand, the optimal output power P, occurs when o=1, as implied

out,max
by Equation (29). Apparently, the optimal output power does not occur simultaneously with the

maximum energy conversion efficiency, because 7 is defined as the ratio of I_’ou,/ P, and the

input power En does not keep constant with the varying parameter a. Figure 5 shows the

variation of peak damper force and optimal output power (corresponding to a=1) with the
increase of excitation frequency. As predicted by Equations (24), (29) and (31), the peak damper
force is proportional to the frequency, while the optimal output power is proportional to the

square of the frequency.
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Case 3: Circuit with Rectifier and Supercapacitor

In case 3, the EM damper is equipped with a simple energy harvesting circuit, comprising a full-
wave rectifier, a supercapacitor and a resistor. In this circuit the electricity produced by the EM
damper can be stored in the supercapacitor and be further utilized to power some electric devices.
The full-wave rectifier composed of four diodes is used to convert AC power produced by the
EM damper to DC power. The resistor shown in Figure 3-(c) stands for the power consumption
of any electric devices. Supercapacitors, like rechargeable batteries, are common energy storage
elements. Supercapacitors refer to a special type of capacitors with a very high capacitance (1-
100F) and a very low withstandable voltage [21]. The stored electric energy in a supercapacitor
is [42]

E.= %CUé (36)
where C is the capacitance; Uc is the voltage of the supercapacitor. Figure 6-(a) shows that the

voltage Uc rises with the increase of the stored energy.

The use of a diode is always associated with a constant conduction voltage Vg (0.2- 0.7 V) which
leads to the power loss in the EMDEH system. This voltage drop should not be neglected unless
the emf is considerably greater than Vr. Owing to the full-wave rectifier, the current in Figure 3-
(c) is converted to DC. Assume the instantaneous voltage of the supercapacitor is Uc, then the
current /; is non-zero only when |Uy| produced by the EM damper is greater than the cut-in

voltage 2V, +U:

0 when |U,|<2V, +U,
I,=3U,-2V,.-U,)/R,, when U, > 2V, +U, (37)
U, +2V.+U,)/R when U, < —(2V, +U.,)

coil
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where the equivalent series resistance of the supercapacitor is considered to be small and

negligible. From Equations (8), (10) and (37), the EM damping force Fe, is given by

0 when [ <X,
2 . .
F::m - K /RCOII (|x| cul m When x> xcut—in (38)
2 . .
_K /Rcml (|x| cut m When X< _xcut—in

where X is the cut-in velocity defined by x, =2V +U.)/K . Equation (38) implies that

cut—in cut—in
the EM damping force vs. velocity relationship becomes nonlinear, and thus the EM damping is
no longer linear viscous damping in case 3. Then the total damper force of the EM damper can

be approximately estimated by

C,x when |x| < X
F K /Rcoﬂ (|x| cut 1n) + Cpx When x> xcutfin (39)
_K /Rcoﬂ (|X| cut m) + Cpx When X< xcut —in

If the damper is subjected to the harmonic displacement in Equation (3), the EM damping power

and the equivalent EM damping coefficient C.y, can be evaluated from Equation (12):

2
R [ "¢ #di =1 (cos ' T-TV1-T?) (40)
T 7R

coil

(coslr [W1-T?) (41)

@)
|

em

x dl/T 0011

where T = (2V, +U,.)/2x fdK (0<T <1), and Uy, is the maximum open-circuit voltage during

the harmonic oscillation, U, =2nfd-K. With a given harmonic excitation, the EM damping
coefficient is a function of Uc. It should be pointed out that the voltage of the supercapacitor Uc
varies over time. Since the supercapacitor has a large capacitance C, the voltage fluctuation in

one cycle is usually minimal and can be ignored. However, Uc rises during the charge process
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from OV to U, — 2V} if the switch in Figure 3-(c) is open. The increase of Uc will lead to the

monotonic reduction of the EM damping. For example, when the supercapacitor is uncharged
(Uc = 0), the current /;, the EM damping force Fey, and the EM damping coefficient Cep, are
maximum. However, Cemmax 1S less than the counterpart in case 2 (see Equation (26)), because
of the voltage drop induced by the rectifier circuit. On the other hand, /;, Fep, and Cep, are all

equal to zero when the supercapacitor reaches the highest voltage U, —2V, (corresponding to

r=1).

In this case, the power stored in the supercapacitor and consumed by the load is considered as the
output power. The full-wave rectifier converts the AC to the DC, i.e. 1, = |I 1|. Meanwhile, the
voltage drop of the diodes is associated with the power loss. The instantaneous power loss and

output power are

B

loss

=2V, || (42)
P, =Uc |l (43)

Under the harmonic displacement history specified in Equation (3), the average output power in

one cycle can be evaluated by integration

= 47U
B, = % jOTzVF |1 jdt === (N1-T? =T cos™'I) (44)
7 coil
e = [ Ui = 2 e 220 (-7 —roos ' 45)

coil
where U, and I' are defined before. The maximum average output power in one cycle occurs

when dP,,,,/dl’ = 0, i.e.

when(T'U,, -2V, )cos ' I =U,(N1-T? —=Tcos"'I) = T, =04+12V,/U, (46)
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where the latter one is an approximately numerical solution to the transcendental equation. The

corresponding optimal average output power is

- 02550, -2V ))U,, , =~
[)out,max = ( ; F) - ( l_r‘oi?t _ropt Cosil 1_‘Opt) (47)

coil
It is not surprising that the voltage drop of the diodes influences the effective output power, and
hence a smaller Vg is always desirable. If V¢ << U, the voltage drop and the associated power

loss can be ignored then we have

2
If Ve << Up, P ~0.115 U,

out,max

(48)

coil
Compared with Equation (31) in case 1, the maximum output power is smaller even if the power

loss of the diodes is neglected, because the non-zero cut-in voltage makes the duty cycle less

than 1. The input power to the EMDEH system is En = f’p +f’em. With 7, given by Equation

(18), the other intermediate energy conversion ratios and the overall energy conversion

efficiency can be calculated from Equations (17), (19) and (20)

B 2TV1-T? =2T%cos™' T

n (49)
’ cos 'I=TW1-T?
2V,
—1-Z="F 50
75 ru, (50)
4K* rv,-2r.)-( 1-T? —Tcos™' T)
n=mn-n,mn= ( ») (51)

CpRcoilﬂUm + 2K2Um (COS_l I'-T+V1- 1—‘2 )

The maximal energy conversion efficiency is achieved when dn/dI' = 0. Figure 7 illustrates the

P,. P,.n,1n,,nand n with the parameter Uc or I' in case 3.

2

theoretical variation of P, P,

The corresponding parameters are consistent with those of the small-scale EM damper described

and tested in the next section (K=7.474 V.s/m, R.,;=4Q, f~6Hz, d=11mm, Vz=0.22V). It can be

17



seen that the overall energy conversion efficiency 7 has a maximum value when I'=0.602 (U¢ =

1.43V) as shown in Figure 7-(b), while the optimal output power P, occurs when I'=0.485

out,max

(Uc = 1.06V) as predicted by Equation (46). Similar to case 2, the optimal output power does not

correspond to the maximum energy conversion efficiency because the input power P, is not

constant with the varying parameter I'. Moreover, Figure 8 shows the variation of the maximal
output power, and its corresponding parameters oy, # and Cen with the increasing Up. As
implied by Equation (46), the effect of conduction voltage of diodes V' becomes smaller and I
approaches 0.4 with the increase of Uy, Figure 9 shows the variation of peak damper force and
optimal output power (when I' = I',,) with the excitation frequency. In general, the peak damper
force and the optimal output power show the linear and quadratic growth trends respectively with
the increase of frequency, except the part corresponding to a relatively low frequency. At a low
frequency, the peak velocity is low and the open circuit voltage is less than the cut-in voltage. As
a result, the EM damping and the output power is equal to zero. It needs to be noted that in real
applications, the motor constant and open circuit voltage of EM dampers are much greater than
the values of the small-scaled dampers in this paper. If Vi << Uy, the voltage drop of diodes will

have minimal effect on the output power.

The above discussion indicates that C._, P

em %> ~ out

and 7 are all dependent on the supercapacitor

voltage Uc (or the parameter I'). C, occurs when Uc=0, while 130 andn,_, correspond to

em,max ut,max
some specific values of Uc. The supercapacitor voltage Uc rises during the charge process from
0V to a steady value Ucmax. It is noteworthy that the steady value that can be achieved is

determined by the load resistance. If the switch is open, the maximum voltage of the

supercapacitor is equal to U =2V, . If Rieaa is very small, it is possible that U is less than

max
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Iopt in Equation (46) and the optimal output power cannot be achieved. In this situation, the

maximum average output power corresponds to U, during the charge process.

C,max

Case 4: Circuit with Rectifier and Rechargeable Battery

In case 4, the energy storage utilizes a rechargeable battery instead of a supercapacitor. All the
other conditions are the same as case 3. Examples of rechargeable batteries include Li-ions,
NiMH, NiCd, SLA, Li Polymer, etc [21]. Figure 6-(b) shows a typical charge curve for NiIMH
battery, in which U, stands for the nominal voltage of the NiMH battery. If an empty battery is
charged, the voltage rises quickly to U,. The maximum voltage of the NiMH battery, if fully
charged, is about 15~20% higher than its nominal voltage. Compared with a supercapacitor, the
voltage of a rechargeable battery is more stable during the charge process. As mentioned above,
the variation of the voltage of energy storage elements results in the change in the EM damping
and the energy harvesting efficiency. Therefore, the relative stable voltage is desirable in
consideration of controlling the damping property of the EM damper. In addition, rechargeable
batteries have lower self-discharge rate and higher energy density than supercapacitors [43].
However, it should be pointed out as well that rechargeable batteries usually have stringent
charge requirements in order to avoid potential overcharge that may damage the batteries; while
supercapacitors are able to withstand very high charge and discharge rate, and require relatively
simple charge methods. Besides, supercapacitors do not suffer from memory effects like some
batteries, and virtually they have very long life. In addition to the above-mentioned factors, the
discussions of the EM damping and energy harvesting are similar to case 3. Equations (37)~(51)

are applicable in case 4 as well.
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3. Experimental Study

A non-commutated DC linear servo motor was cyclically tested as a small-scale EM damper on a
MTS universal testing machine. Figure 1-(a) shows the configuration of the EM damper
purchased from Baldor Motion Products. The damper has a diameter of 38.1 mm and a total
length of 108.1 mm. The number of turns per coil and the wire diameter were estimated to be
270 and 24AWG, respectively, and the length of each coil and the magnet is 38 mm and 25 mm,
respectively [36]. The measured coil resistance is 4.0Q2. During the testing, the four circuits
described in the last section were connected to the EM damper individually. A series of
sinusoidal displacements were applied at different frequencies (0.1 - 8 Hz) and different
amplitudes (3, 6 and 11 mm). The responses of interest were measured by KYOWA EDX-100A
data acquisition system with a sampling frequency of 500Hz, including the force, displacement,
voltages and currents. Figure 10 shows the EM damper under test and the circuit on a breadboard
corresponding to case 3. A full-wave rectifier comprising four Schottky diodes is used, as
Schottky diodes are associated with much smaller forward voltage drop [21]. The measured V¢ of
the Schottky diodes is equal to 0.22V in this experiment. The testing is intended to provide the
validation of the afore-described modeling. The damping and energy harvesting behaviors were

examined in each case.

Case 1: Open Circuit

No current flows in an open circuit, associated with zero EM damping. Therefore, the parasitic
damping and the open-circuit voltage can be studied. The voltage across two terminals was
measured in this Case. Figure 11, containing the test data at different frequencies and amplitudes,

illustrates the relationship between the open-circuit voltage (i.e. emf) and the oscillation velocity.
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The nearly linear relation shown above is consistent with the prediction by Equation (8). The

motor constant K was identified as 7.474 V-s/m (or N/A) via a linear regression analysis.

Figure 12 shows the experimental relationship of the damper force and velocity at the frequency
of 2 Hz and the displacement amplitude of 11 mm. As mentioned in section 2.3, the parasitic
damping is modeled by a superposition of two components—viscous damping and coulomb

damping. The latter is evidenced by the non-zero damper force at zero velocity in Figure 12.

Figure 13 shows the testing results of the average power of parasitic damping in one cycle, [~_’p ,

for different frequencies and amplitudes. Subsequently, the two constants in Equation (5) are
evaluated (k1=0.4994 N, k,=3.126 N-s/m) by a regression analysis using the testing data shown
in Figure 13. The prediction by the simplified modeling presented in section 2.3 can match the

experimental results very well.

Case 2: Circuit with Constant Resistor

In Case 2, the EM damper under test was connected to a resistor which represents a general
electric load. The measured coil resistance R, is equal to 4.0Q. Nine different resistors, namely
0Q, 1.0Q, 2.0Q2, 3.0Q2, 3.75Q, 5.0Q, 7.5Q, 15.0Q and 45.0Q2, were tested at different frequencies
and amplitudes. In fact, Case 1 can be viewed as a special case of Case 2 with Rjp,¢=00. The
current flowing in the circuit produces the EM damping force applied on the damper. Therefore,
the damper force should be a result of the parasitic damping force plus the EM damping force.
Figure 14 shows the experimental results of the damper’s force-displacement relationship at the
frequency of 6 Hz and the amplitude of 6 mm. As the parasitic damping is independent with the

current in the circuit, Figure 14 implies that the EM damping is governed by the varying load
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resistance in this case. Figure 15 illustrates the variation of the EM damping coefficient Cem with
the increase of Rjo,q for both the testing and modeling results. The testing data were computed by
subtracting the parasitic damping coefficients C, from the total damping coefficients C, both
obtained from regression analyses of the experimental force-velocity relation. A good match is
noted between the experiment results and the theoretical prediction by Equation (25). Both the
testing and modelling results demonstrate that the EM damping coefficient C., decreases
monotonically with the increase of load resistance Rjo,4, and the maximum value corresponds to
a short circuit (Rj,,¢=0€2). Moreover, Figures 14 and 15 imply that the damping feature of the

EM damper can be conveniently controlled by tuning the value of Rjpad.

Based on Equation (4), the average output power, i.e. the power consumption of Rjgg, 18
calculated by the measured current and voltage on the electric load, and the average input power
is calculated from the measured force and displacement. Subsequently, the energy conversion

efficiency n can be calculated according to Equation (17). Figure 16 shows the variation of the

average output power P

>« With the parameter a = Rjod/Reoii for two frequencies and three
amplitudes, and Figure 17 shows the overall energy conversion efficiency m. The theoretical
predictions by Equations (30) and (33) can match the experimental results fairly well in the two
Figures. The testing results clearly indicate that the maximum output power occurs when o = 1
(Rioad= Reoi=4L2), consistent with the prediction by Equation (29). The maximum average output
power corresponding to /= 6Hz and d = 11 mm is around 274.3 mW. Meanwhile, the optimal
energy conversion ratio ranges from 14.4% to 33.1%, depending on the frequency and amplitude.

Table 1 presents the detailed comparison of the testing and modeling results regarding the

optimal output power and the optimal energy conversion efficiency. It is noted in Figures 16 and
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17 that the optimal value of a for the energy conversion efficiency (a>1) does not correspond to

that for the output power (a=1).

Case 3: Energy Harvesting using Supercapacitor

In case 3, a simple energy harvesting circuit consisting of a Schottky rectifier and a
supercapacitor was tested. The supercapacitor (manufacturer: Nichicon, model number:
JUCOE475MHD) has a capacitance value of 4.7F and an equivalent series resistance of 0.5 Q.
Five different resistors, Rjp,¢=1Q, 2Q, 4Q, 15Q, 30Q, were used to simulate the power
consumption of electric devices. The output power is defined as the power stored in the

supercapacitor plus the power consumption of the resistor. Figure 18 shows the experimental
time histories of the supercapacitor voltage Uc, the EM damping Cep, the output power P, and

the energy conversion efficiency 1 corresponding to /~6Hz and d=11mm. In Figure 18, Curve I
shows the testing results with open switch (no electric load), and Curve II is for Rjp,q=15Q. In
general, the voltage of the supercapacitor rises within the charging process until it reaches a
steady value. However, the final steady voltage not only depends on the peak emf Uy, but also
on the load resistance Rjo.g, as observed in Figure 18. A smaller resistance stands for larger
power consumption in the test; as such it corresponds to a slower charge process and a smaller
steady voltage. The increase of the supercapacitor voltage Uc leads to the variations of the three
parameters—Cem, Pow and n—during the charge process. If the switch is open, the current
passing the supercapacitor becomes minimal when Uc reaches the final steady value.
Accordingly, the EM damping coefficient, output power and energy conversion ratio are nearly
zero in the steady state; if Rj,0q=15€Q2, the current passes the resistor even in the steady state, and
consequently the corresponding EM damping coefficient, output power and energy conversion

ratio are not equal to zero.
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As shown in Figures 18-(d), 19 and 20, the EM damping keeps decreasing during the charge
process even though Rjg is constant; the maximum damping coefficient Cemmax OCcurs at
Uc=0Q, where C.y is calculated by Equation (41). Figure 19 illustrates the experimental
relationships of the damper force vs. the oscillation velocity, and the testing results are consistent
with the prediction by Equation (39). The force-velocity relation is nonlinear due to the cut-in

velocity/voltage, and is time-variant due to the change of Uc. On the other hand, the variation of

the average output power P

>« and the energy conversion efficiency n with the supercapacitor
voltage Uc is not monotonic. Figure 21 shows the experimental and theoretical relationships of

the output power P,

out

vs. the supercapacitor voltage Uc (or the parameter I'), and Figure 22
shows the energy conversion efficiency n. It is seen that the theoretical curves in both Figures are
independent with the load resistance Rj,.q. However, Rjoq affects the final peak Uc that is

achievable. The optimal output power P,

> tmax = 184mW occurs when Uc=1.06V (I'=0.49)
according to Equations (46) and (47); while the optimal energy conversion efficiency
Noae = 23% corresponds to Uc=1.45V (I'=0.61) according to Equation (51). Both the optimal
power and energy efficiency are smaller than the counterparts in Case 2, because of the power
loss on the diodes and the duty cycle less than 1. Figures 20-22 also demonstrate that the final

steady voltage of the supercapacitor for Rj,,q=15€2 is smaller than that for open switch. Again,

the theoretical modeling closely matches the experimental results in Figures 20-22.

Case 4: Energy Harvesting using Rechargeable Battery

In Case 4, a 1.2V NiMH battery (manufacturer: Varta, model number: 55625) with a capacity of

250 mAh is used as the energy storage element. Figure 23 shows some experimental results in
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Case 4. Similar observations to Case 3 can be made to both experimental and theoretical results.

However, the voltage of the rechargeable battery rises to 1.4 V quickly and stays almost

unchanged afterwards. This leads to the much more stable EM damping Cen, output power P,

out
and energy conversion efficiency n during the charge process than Case 3 with the
supercapacitor. It is noted that too small load resistance would cap the maximum voltage Uc max,
and thus the battery cannot be properly charged if Uc max 1S less than the nominal voltage of the

battery.

4. Discussion

(a) As pointed out by [35], a part of energy dissipation occurs outside the EM damper, which
may reduce the problems normally associated with the self-heating of viscous and friction
dampers.

(b) Provided that the EM damper is connected to a variable resistor, the EM damping coefficient
can be controlled by adjusting the resistance in the circuit. Therefore, the EM damper can
function as a semi-active damper with variable damping property in structural control
applications. Compared with variable-orifice viscous dampers, adjusting resistance can be
more conveniently realized by a control circuit.

(c) The EM damper provides both vibration control and energy harvesting functions. The
maximum output power of the tested small-scale EM damper ranges from several mW to
274mW. Considering the real scale of civil structures, the power that can be harvested from
energy dissipation devices would be considerably larger. The typical power consumption of
commercially available wireless sensors is 24 to 570 mW [24]. Therefore, the EM dampers

have a potential to power a number of wireless sensors in real structures.
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(d) As indicated in this study, the maximum damping coefficient of the EM damper does not
correspond to the maximum output power. If the EM damper is intended for both vibration
damping and energy harvesting, a trade-off strategy or an adaptive strategy should be taken
in the future design of EMDEH system.

(e) The damping property of the EM damper may be subjected to noticeable variation during the
charge process. This fact may complicate the solution of optimal damping, and thus should
be paid enough attention in the design procedure.

(f) In addition to the energy harvesting capability, there exist simple relationships between the
emf and the velocity, and between the current and the EM damping force. Both the voltage
and current are signals easily to be measured. It is promising to build a self-sensing self-

powered semi-active vibration control system using the EM damper.

5. Conclusions

To examine the feasibility of using EM dampers in civil infrastructures for both vibration
damping and energy harvesting, this paper presents the modeling and testing of the EMDEH
system. The theoretical model is built based on the fundamentals of structural dynamics and
electromagnetics. In particular, four representative electric circuits are considered in this study,
namely an open circuit, a circuit with a constant resistor, a circuit with a full-wave rectifier and a
supercapacitor, and a circuit with a full-wave rectifier and a rechargeable battery. Some main
dynamic characteristics and their optimal values are discussed in details in this procedure,
including the parasitic damping, the EM damping, the energy harvesting efficiency and the
effective output power. The effectiveness of the proposed modeling is validated by a series of

dynamic tests of a small-scale EM damper performed at different frequencies and amplitudes. A
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good match clearly demonstrates that the modeling can predict the mechanical and electrical

behavior of the EMDEH system very well.

Both the theoretical and experimental results indicate that the EM damping and energy
harvesting features are considerably influenced by the external circuit connected to the damper.
The EM damping is similar to viscous fluid damping when the damper is connected to a constant
resistor; while the relationship of the EM damping force vs. velocity becomes nonlinear when
the damper is connected to a rectifier and an energy storage element such as a supercapacitor or a
rechargeable battery. In the latter case, both the damping coefficient and the energy conversion
efficiency vary to some extent with the voltage increase during the charge process. Furthermore,
the maximum damping and the maximum output power cannot be achieved simultaneously, and
thus a trade-off strategy needs to be made in the design if the EM dampers are intended for both

vibration damping and energy harvesting functions.

Considering the real scale of civil infrastructures, it is promising to use EM dampers to mitigate
structural vibration and power some potable and wireless electric devices simultaneously. As the
mechanical behavior of EM dampers is similar to that of viscous fluid dampers, EM dampers
could replace traditional viscous fluid dampers in vibration mitigation of lightly damped and
flexible structures, such as high-rise buildings and stay cables. It should be pointed out that the
relatively simple energy harvesting circuits are considered in this study. In practice, the energy
harvesting architecture may include more complex components, e.g. power conditioning and
monitoring. The addition of these components may affect both damping and energy conversion.

All of these need to be investigated in future study.
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Table 1. Optimal output power and optimal energy conversion efficiency in Case 2

f d Testing Modelling
Hz) (mm) B “mW) 76 P mW) 7 (%)
2 3 2.5 14.4 2.5 13.2
6 9.8 20.8 9.9 19.5
11 30.2 25.9 334 25.2
6 3 249 232 223 23.4
6 97.7 29.9 89.3 29.4

11 2743 33.1 300.2 333
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(a) EM damper tested on MTS machine

(b) circuit in Case 3

Figure 10. Experimental setup
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Figure 19. Damper force vs. velocity in Case 3 (f= 6Hz, d = 11mm)
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Figure 20. EM Damping coefficients in charging process in Case 3 (f=6Hz, d = 1 Imm)
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Figure 21. Output power

(b) Rioag=15€Q2
in charging process in Case 3 (f=6Hz, d=11mm)
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Figure 23. Time histories of battery voltage Uc, EM damping Cen,, output power
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