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Abstract:

Owing to the electromechanical energy conversion capacity, electromagnetic shunt
dampers (EMSDs) are widely applied to vibration suppression or energy harvesting
from vibrating structures. Either one of the two functions can be optimized in the
designs of EMSD found in the literature. In this paper, a bi-objective optimization
methodology of EMSD is proposed for the simultaneous maximization of energy
harvesting from the damper and the suppression of resonant vibration of a dynamic
structure. An EMSD with opposing magnet pairs configuration is designed to achieve
the two design objectives simultaneously in a single-degree-of-freedom (SDOF) system
and a dynamic vibration absorber (DVA). It is proved analytically and experimentally
that maximum energy can be harvested by the EMSD when its internal impedance
equals to the external electrical resistance of the electrical circuit. Minimum resonant
vibration amplitude of the primary mass can be achieved at the same resistance ratio in
the DVA system by selecting the suitable number of opposing magnet pairs of the
EMSD without affecting the internal resistance. An EMSD with opposing magnet pairs
configuration is designed and tested in a single-degree-of-freedom (SDOF) system and
a dynamic vibration absorber. Following a proper procedure, the electromechanical
transduction factor of the proposed EMSD can be tuned to achieve both objectives
simultaneously. The harvested energy is higher when the EMSD is deployed in the
SDOF system than in the DVA system, but the frequency bandwidth for energy
harvesting is much wider in the DVA system. Analyses lead to a design guideline of the
EMSD for achieving the bi-objective optimization.
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Nomenclature:

B
B,

Magnetic flux density

Vertical magnetic flux density

Damping coefficient of DVA system

Damping coefficient of EMSD
Internal diameter of coils

Wire diameter

Excitation force amplitude
Stiffness of DVA system

Internal inductance of coils

Mass of primary system

Number of opposing magnet pairs
Turns of coils

Internal resistance of coils
Cross-sectional area of wire
Displacement of DVA mass
Circuit impedance

Natural frequency ratio (w,/wy1)
Kronecker delta function
Electromotive force

Mass ratio between m, and m,
Optimal damping ratio

Excitation frequency in rad/s

Natural frequency of DVA system

Rload

Wn1

Radial magnetic flux density

Damping coefficient of primary system
Coefficient between damping and resistance
Parasitic damping coefficient

External diameter of coils

Excitation frequency in Hz

Stiffness of primary system
Transduction factor

Wire length

Mass of DVA system

Mutual inductance of two single coil i and j
Resistance ratio

External resistance

Displacement of primary mass
Displacement amplitude

Inductive impedance of EMSD coils
Optimal natural frequency ratio

Static deflection under constant force F,
Frequency ratio between w, and w,,;
Damping ratio

Electrical resistivity of copper

Natural frequency of primary system

1. Introduction

As an energy dissipation device in vibrating systems, a damper is often used for

vibration suppression by transferring vibration energy into other kinds of energy.
Traditional viscous dampers provide damping force with the generation of heat.

However, damping tunability is required in many applications due to the changes of

working conditions. In a single-degree-of-freedom (SDOF) vibration system, the
transmissibility varies differently with damping in different frequency ranges.

Moreover, in a dynamic vibration absorber (DVA) system, only a specific amount of
damping can keep the DVA working at the optimal condition [1]. High tunability of

damping will benefit the onsite calibration of DVA system in real applications to
prevent the detuning of the DVA due to changes of the working environment.




Traditional viscous dampers cannot work well in applications which require high
damping tunability because its damping force is difficult to be varied. The emerging
electromagnetic shunt damper (EMSD), which is firstly proposed by Behrens [2], can
provide more flexibilities in adjusting its damping force by varying the electrical
resistance in the damper circuit. With the flexible tunability of the damping coefficient
that the proposed EMSD offers, the transmissibility of the primary SDOF system can
be switched from maximum damping to minimum damping by switching the EMSD
circuit from closed to open [3]. Eventually, a nonlinear EMSD can be designed for
better isolation performance at non-resonant frequencies [4]. Moreover, the damping-
sensitive DVA can also be implemented with the tunable EMSD [5]. All these point to
some real applications, including civil frame structures [ 6], bridge cables [ 7],
automobile suspension [ 8], aerospace engineering [ 9], etc. Different from a
piezoelectric shunt damper with constant transduction factor, the transduction factor of
EMSDs can be adjusted and tactically tuned by changing its volume. As a result, EMSD
show great promise in coping with applications in large-scale dynamic structures.

The commonly used opposing magnets configuration of linear EMSD has been
proved effective for transduction factor enhancement when compared with the
homodromous magnets configuration [3]. The optimal opposing magnets pair is also
investigated [10] to achieve the maximum transduction factor and damping coefficient.
Based on the variable transduction factor with different opposing magnets pairs, the
suitable configuration is selected to achieve the bi-objective optimization for energy
harvesting and vibration control in this paper. More explorations for enhancing the
transduction factor include adding magnetic guiding materials [11] to increase the
magnetic flux through the coils, using Halbach magnet array [12] to concentrate the
magnetic field on target position, etc.

An EMSD can also be utilized as an energy harvester with the capacity of
transferring kinetic energy to electrical energy. The vibration energy from dynamic
systems like vehicle suspensions [13,14], railway tracks [15] and human motions [16,17]
can be harvested through EMSD devices. The dual functions of a tunable damper and
energy harvester allow EMSD to be used for vibration control and energy harvesting
simultaneously [18-21]. For energy harvesting, it is noticed that the maximum
harvested energy occurs when the external impedance equals to the internal impedance
of the EMSD circuit [22], while the vibration amplitude usually remains large. An
EMSD is tuned to provide the highest damping force when it is designed for vibration
suppression, in which case, however, the external resistance is zero and no energy can
be harvested. Therefore, existing EMSDs usually work at optimum conditions to
accommodate one design objective in the open literature. Theoretically, if the EMSD
parameters are properly adjusted, it is possible to obtain the optimal amount of damping
and get maximum harvested energy in DVA systems. The minimization of structural
kinetic energy and the maximization of the power dissipation in the DVA for slightly
damped structures has been reported [23]. Some theoretical analyses and numerical
simulations have been provided to discuss the power-based optimization for DVA with
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EMSD [24]. An EMSD was applied to damp down bridge stay cable vibration and at
the same time harvest some of the vibration energy but it cannot be optimized to achieve
both objective simultaneously [25]. To the best of our knowledge, there is no real design
and experimental proof of the bi-objective optimal EMSD reported in the open
literatures. The proposed DVA with EMSD shows great promise as a promising device
for both vibration mitigation and energy harvesting.

This is the motivation of the research work presented in this paper. A bi-objective
optimal design methodology of EMSD is proposed and experimentally verified. Since
the output power reaches the maximum value when the external resistance equals to the
internal electrical resistance leading to the maximum energy harvesting by the EMSD.
The proper number of EMSD opposing magnet pair is then selected to reach the optimal
damping without affecting the coil internal resistance. A prototype of the proposed
EMSD is built and tested in a SDOF vibrating system, and a 2-DOF vibrating system
with a DVA mounted on a SDOF system. The optimum external resistance is found to
be 6Q at which bi-objective status of the EMSD is achieved in the DVA system.
Meanwhile, the energy harvesting capacity in the DVA system can also be maintained
at a relatively high level with a wider frequency range than SDOF system. Since the
DVA system response is sensitive to the damping changes, the friction effects is
minimized by using the nylon tube while fabricating the EMSD and aligning the
concentricity of the EMSD components. Self-locking may occur at vibrations of low
frequency and amplitude due to the friction effect [26,27], which should be avoided in
the applications of the EMSD.

The two major contributions of this manuscript are follows. 1) This paper proposes
a general design procedure of DVA system with EMSD to achieve the bi-objective
optimization of simultaneous vibration suppression and energy harvesting. Previous
studies [19-22] on DVA design only allows one objective to be optimized. Similarly in
our previous work, an optimization method [10] of a DVA system with EMSD was also
materialized for vibration suppression only. Therefore, simultaneously accommodating
both functions through optimization based on EMSD is a novel contribution to the
existing literature. 2) This paper proposes a method to derive the optimal number of
magnet pairs of the EMSD to achieve the aforementioned bi-objectives. The key point
here is to tune the transduction factor of the EMSD without affecting its coil resistance
which is associated with the harvested power output.

In the following sections, a theoretical analysis on the energy harvesting of SDOF
and DVA systems with EMSD is conducted, with a mission to provide necessary
transduction factor adjustment of the EMSD without affecting the internal resistance of
its coil. Subsequently, the suitable number of opposing magnet pairs is searched by
numerical simulation and verified by experimental measurement. Finally, the proposed
EMSD is applied to both SDOF and DVA system, and bi-objective optimal status in
both test cases is reached and verified through experiments.



2. Theoretical analyses

The theoretical basis underpinning an EMSD and the energy harvesting principles
are briefly introduced in this section. The governing equations for vibration control
when the EMSD is deployed in a SDOF and DVA system are derived. The principle of
the proposed bi-objective optimal design is also described.

2.1 EMSD concepts and energy output

The basic model of EMSD with opposing magnets configuration [3] in Fig. 1(a) can
be regarded as a linear damper. The main structure of the EMSD contains opposing
magnets and the corresponding coil as illustrated in Fig. 1(a). The induced voltage ¢,
also called electromotive force (EMF), is generated by the relative velocity between the
series-wound magnets and the coils, expressed as

e=KxX (1)

where K; denotes the transduction factor and x the relative velocity. When the coil is
connected to a tunable resistor, the corresponding damping coefficient ¢, can be
written as

K} K}

¢, == @)

VA Rin + Rload
where Z denotes the total impedance of the circuit. The inductance of the EMSD
circuit as derived in section 3.2.1 is found to be very small in comparison with the
internal resistance and therefore it is neglected in the calculation of the total impedance
of the circuit. R;,,4 is the external resistance, and R;;,, is the internal resistance of the
EMSD circuit.

Rload

Coil

Magnet

Fig. 1. EMSD with opposing magnet configuration: (a) main structures, (b)
schematic diagram

Since the amount of energy dissipated by the internal resistance of the coil is fixed
and difficult to be harvested, the output power of the harvested energy from the EMSD
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is only obtained from the dissipated energy of the external resistance. The root mean
square of the output power can be expressed as

2 2
_ € RIoad _ € rR

ms Z(Rin +R )2 - ZZin (1+ rR)Z (3)

load
The first and second derivative of B.,,; can be derived as

P, & 1-r

: 4

dr, 2R, (1+r) ©®
i(dprmsJ_g_z. rR_2 (5)
dr,{ dr, ) R, (1+r)’

where 13 = Rjpqq/Rin is the resistance ratio between the external resistance and
internal impedance. Let the first derivative equal to zero, we get 1z = 1. Then
substituting 1z = 1 to the second derivative in Eq. (5), the value of second derivative
becomes negative. Therefore, there is a maximum value of P, at 1z = 1.

2.2 SDOF system with EMSD

When the EMSD is used as a tunable damper in the SDOF vibrating system as
shown in Fig. 2. The equation of motion writes

m,X, +¢,X, + Kk X, = F,cos et (6)
where my, k;, ¢; and F, denote the mass, stiffness, damping coefficient and
excitation force amplitude of the system, respectively. Both the damping coefficient c,

of the EMSD and the parasitic damping ¢, (including the friction damping and air
damping) contribute to the total damping coefficient c; expressed as

C,=C,+ Cp (7

Fycoswt

Ky “ ;E
2 2

Fig. 2. Single-degree-of-freedom (SDOF) vibrating system

The displacement amplitude X; can be deduced by solving Eq.(6), yielding



X, = Iy

\/(1— 22) + (e Jhm, ) ®)

where 85, = Fy/k; denotes the static deflection of the spring under the static force F,.
A = w/wy; is the excitation frequency ratio. The maximum amplitude X,,,, of m at

resonance occurs when A = 1. X,,,, with different resistance ratio can be derived
using Egs. (2) and (8) as

1+,
K?/R,+¢,(1+1) ©)

Xmax :(Fo/a)n)

The first and second derivative of X,,,, can be derived as

dX o _ (FOKtZ)/(wnZin) 50 (10)
dr K2R, +c,(1+r)]

d (X ) —2FKic, [ KR, +¢, (1+1,) ] 0 an
dr, (o,R,)

n--in

dr;

The X,,ax~Tg relationship is a monotonically increasing parabolic function.
Particularly, if ¢, = 0, the second derivative equals to zero, the X, ~7% relationship

becomes a linear function.

The normalized output power and the maximum displacement with the EMSD in
the SDOF system are calculated using Eqgs. (3) and (9) and plotted in Fig. 3. The plots
show that the resonant vibration amplitude of the mass increases monotonically with
the increase of resistance ratio, but the output power has a maximum value when the
external resistance equals to the internal impedance of the EMSD, i.e. 1z = 1.

1.0

o
®
1

normalized value
o
(=]
1

o
IS
I

,
024~

—— output power
- = = maxiumum reponse value

0.0 T T T T
0 2 4 6 8 10

Fig. 3. Normalized output power and maximum displacement response with different
resistance ratio



2.3 DVA system with EMSD
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Fig. 4. Dynamic vibration absorber (DVA) system

Using EMSD as a tunable damper in the vibrating system in Fig. 4. The equations
of motion may be written as

Mm%, + kX, +K, (% — X%, ) +¢, (% —X,) = F,cosat (12)
My, + K, (X, =% )+ ¢, (%, —%)=0 (13)

where m,,k, and c, denote the mass, stiffness, and damping coefficient of the DVA,
respectively. The amplitude ratio |X; /8| is written as [1]

_ (26)° +(2*-7) (14)
(220)°[(1+p) 2° —1]2 + [ py* Al = (A2 =1)(2° =5 )]2

G(4,8) =

Xy
5st

The corresponding optimal natural frequency ratio and damping ratio can be
expressed respectively as

1
7/0pti_m
- [ (15)
opti 8(l+,u)

The damping ratio of the DVA with the tunable EMSD can be derived by
substituting Eq. (2) into the damping ratio ¢ written as
K/ 1

t

= =Cy———
2R, koM, (1+ 1) 1+r)

4 (16)

where Cyr = KZ2/(2Ziny/koam;) describing & - 7 relationship.

The bi-objective optimal status can be implemented by substituting &,,;; of Eq.
(15) into (16) and setting 1z = 1. The corresponding optimal C,,- can be expressed as



Cdr_opti = 3/’1/2(14_ /u) (17)

In practice, the optimal value Cgy op¢; can be achieved by the fine tuning of other
parameters of the EMSD as dictated by Eq.(16). Since the resistance ratio 1z = 1 is
required for maximum energy harvest by the EMSD and k, and m, are not
convenient to be adjusted, the transduction factor K; is the parameter used to tune the
Cqr to its optimal value Cgr ops; as shown in Eq. (17) above. The detail procedure of
adjusting K; to achieve Cgyy oy is presented in section 3.

Albeit the optimal is obtained through Eq. (17), the variation of the primary system
response with damping is still uncertain. Since the main concern is the relationship
between G(A4,§) and &, the effect of frequency can be eliminated by equaling the
partial derivative with respect to frequency to zero.

0. _, "
oA

With the substituted u and y,,,; based on Eq. (15), the relationship between A
and & can be obtained by solving Eq. (18). In this case, all extreme values of G(4,¢)
with variable r; can be obtained by taking the A~¢ relational expression and Eq. (16)
back to Eq. (14).

Assuming the mass ratio p = 0.1, possible extreme values of G(4,§) with
variable ¢ are calculated using Eqgs. (14), (15) and (18) and plotted as the dash curves
in Fig. 5. When the damping ratio & <&, , the solid response curves of
G(4, &) versus A show two peaks with higher peak values at higher frequencies as
shown by the red dash curve in Fig. 5. Therefore, the maximum values that locate at the
red dash curve are the global maximum of the response amplitude of the primary mass.
When ¢ > &, the solid response curves of G(4,§) versus 4 have only one peak.
Denoted by the red dash line. To sum up, the red dash line is the global maximum
response curve with the damping ratio ¢ varying from zero to infinity.
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Fig. 5. Primary system response G (4, &) with different damping ratio in frequency
domain (solid lines), and the stationary points connected lines (dash lines) based on
the solved A~¢ relationship with Eq. (18), the vector denotes the increasing direction
of damping ratio
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Fig. 6. Normalized value of the output power and the maximum amplitude of the
primary system after adjustment of the constant Cy,

By substituting the damping ratio ¢ with the resistance ratio r; in Eq. (18), the
relationship between max{G(4, &)} and rz canbe obtained as the red dash line in Fig.
6. The Cg- of the EMSD in Eq. (16) can be tuned to the optimum value Cgy opei
according to Eq. (17) by properly adjusting the value of K;. The output power of the
EMSD as depicted by Eq. (3) is plotted as the blue curve in Fig. 6 as well. Since both
the extreme values of the two curves in Fig. 6 locate at rz = 1, the bi-objective of
maximum output power from the EMSD and minimum resonant vibration of the
primary system can be achieved simultaneously.

3. Design Analyses of EMSD Configurations

As mentioned above, the bi-objective optimal design of EMSD can be achieved by
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tuning C,,. to its optimum value according to Eq (17). C4- can be adjusted by
changing the value of transduction factor K, which depends on the design and the size
of the EMSD. Due to the limitation of the space available for the EMSD in real
applications, size variation of EMSD is most likely impractical. Therefore, an
alternative design of the EMSD is used for the adjustment of K;. As an example, the
opposing magnets configuration in Fig. 1 provides a feasible way because K; can be
varied by changing the number of opposing magnets in the EMSD without affecting its
overall dimensions.

3.1 EMSD with opposing magnets pairs

A
Y

Opposing | ___
/’ magnets |
A

b

Fig. 7. EMSD schematics with one and two opposing magnet pairs configurations

As shown in Fig. 7, two EMSD designs of the same total length of magnets and
coils have one and two opposing magnet pairs, respectively. Two independent coils
around each magnet pair are connected with 180° phase difference. The polarization
direction of each magnet pair is shown by a black solid arrow in the figures. To obtain
the maximum transduction factor, the connection surface of the opposing magnet poles
is located at the central points of each coil in the axial direction. The similar EMSD
with six opposing magnet pairs is shown in Fig. 8. The pre-compressed DVA springs at
the two ends of the magnet stack guide the motions of the magnets and the connected
counter-weight to move along the axis of the EMSD. Moreover, a nylon tube is inserted
between the magnets and coils as bearing in order to minimize the friction damping
between the moving and stationary components of the EMSD.
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Fig. 8. EMSD with six opposing magnet pairs configuration: (a) schematic, (b)
prototype

3.2 Parameter calibration of EMSD

The proposed EMSD is designed and tuned to work in the DVA in Section IV.A
under the bi-objective optimal tuning condition for a SDOF vibration system. Since
C4r 1s related to the DVA stiffness and mass, the parameters of the DVA system need
to be identified before the structural parameter calibration of the EMSD.

The stiffness k; and k, of the primary system and the DVA are determined by
linear fitting of the measured force-displacement data, while other parameters in Table
1 are calculated based on Eq. (15).

The calculated optimal damping coefficient for the DVA system is 8.8149 N - s/m.
Therefore, the task is to design a tunable EMSD that can provide this damping when
the external resistance equals to the internal impedance of the EMSD circuit. The total
damping in the DVA includes the damping from the EMSD and the parasitic damping.
Therefore, the damping coefficient of EMSD should be less than the required optimal
damping coefficient.

Table 1. Identified parameters of DVA system

Measured kq 20961 N/m
parameters ko 1521.3 N/m
my 5.054 kg
Calculated
m, 0.432 kg
parameters

Wn1 64.4rad/s
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Wn2 59.3 rad/s

1 0.0855

Copti 8.8149 N -s/m

Since the tunable range of the EMSD is significantly affected by the internal
impedance of the coils based on Eq.(2), the impedance Z;,, should be minimized such
that a higher damping coefficient can be provided by the EMSD. A common way to
reduce the coil impedance is to use a thicker copper wire for the coil windings with
sufficient turns to provide the EMF required in the EMSD circuit. A copper wire of
Imm diameter is used in the EMSD coil windings in the prototype, and the internal
diameter of the coil is about 30 mm. A nylon tube is added to minimize the friction
between the magnets and the coils. NdFeB N33 magnet with a coercivity ranging
between 600 kA/m and 820 kA/m is used to construct the opposing magnet pair stack.
The actual coercivity of the magnets can be determined from the measured superficial
magnetic flux density. Other parameters of the EMSD are listed in Table 2. Six different
opposing magnet pairs configurations (1, 2, 3, 4, 6 and 12 magnet pairs) are investigated
for offering suitable K;.

Table 2. The parameters of EMSD

Type & grade NdFeB N33
Internal diameter 6 mm
Magnet ;

External diameter 24.5 mm
parameters

Length 8 mm

Number 12
Nylon tube  Internal diameter 27 mm
parameters External diameter 31 mm

Internal diameter 31 mm

Skeleton :

External diameter 33 mm
parameters

Height 98 mm

Internal diameter(d,) 33 mm

External diameter(d,) 50 mm

Coil Total length(l,) 90 mm

parameters Turns(Neotar) 720

Wire diameter(d,,;,e) 1 mm

Wire length(L,,ire) 95 m
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3.2.1 Internal impedance of the coil

The internal impedance of the coil mainly includes the internal resistance R;,, and
the inductive impedance 2mfL;,. It can be expressed as
R I‘Wire I‘Wire

S T (2] (19

where p = 0.0175 Q- mm?/m is the electrical resistivity of copper.

Existing research on low-frequency vibration control with EMSD usually ignores
the inductive impedance of the EMSD circuit because of its small value at low
frequencies. However, the inductive impedance in the circuit cannot be neglected
because the bi-objective optimal condition of the EMSD requires a certain resistance
ratio of the circuit. Since the adjacent coils are connected with 180° phase difference,
the total internal inductance should include the mutual inductance among the coils and
the coil self-inductance [28], written as

M, M, M,
L, =21:Li izzllzl: M, x(1-6;) (20)
i= i=l j=

where §;; =1 for i =j, otherwise §;; = 0; M, denotes the number of opposing
magnet pairs, L; the self-inductance of the i coil, M; ; the mutual inductance between
i coil and ;™ coil. The plus or minus sign in Eq. (20) corresponds respectively to the
phase difference A¢ of the coil at 0 or 180°. The mutual inductance of the coil is the
multiple summations of the basic mutual inductance M;; of any two single coaxial coils
iandj.

The coil internal resistance and the internal inductance of different opposing
magnet pair configuration can be calculated using Eqgs. (19) and (20). The calculated
results are shown in Table 3. The connection wire between the tunable resistors of the
EMSD circuit is a bit long in this case with measured resistance about 0.3Q. It is
considered as part of the internal resistance of the EMSD since no energy can be
harvested from it.

Table 3. The coil impedance results comparison

Calculated Measured

results results
Internal resistance(R;;,) 2.118 Q 2.087 Q
Internal inductance(L;;,) 2.18 mH 1.274 mH
Resistance of connecting
. 0.3Q
wire(Rcon)
Internal impedance(Z;;,) 2.558Q 2.469 Q
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As shown in Table 3, the error between the calculated and the measured internal
impedance is small. The average value of 2.5 (1 is selected as the nominal value for the
calibration of other EMSD parameters. Moreover, since the heat generation of the
electrical resistance of the coil can increases its internal impedance, the output power
optimal status may locate at the point when the external resistance is slightly larger than
the internal impedance of the coil at room temperature. After tuning for maximum
energy harvesting, the optimal condition of vibration control can then be tuned to match
with the energy harvesting optimal point by a proper adjustment procedure of the
transduction factor K; described in the following section.

3.2.2 Transduction factor

The transduction factor K, for the red single loop of the coil in Fig. 1 can be
calculated according to its definition

K, =—Cfloop B, (x,r)dl 21

where B, denotes the magnetic flux density. For the six opposing magnet pairs in Fig.
8, K; can be expressed as

M, N

K, =—27z22r(i, j)

j=1 i=1

B, (x.1.1,])| (22)

where M, denotes the number of opposing magnet pairs and N the number of turns
for each coil.

As shown in Eq.(22), the calculation of K; requires the knowledge of the radial
magnetic flux density distribution. The actual coercivity can be determined using the
measured superficial magnetic flux density as mentioned above. The magnetic flux
densities with different coercivities at the target point are shown in Fig. 8, together with
the measured magnetic flux density obtained from a Gaussmeter in Fig. 9.

As shown in Fig. 9, the measured superficial magnetic flux density is 1.013 T,
which equals the simulated value when the coercivity is around 780 kA/m. With the
corrected coercivity, K; values obtained from different numbers of opposing magnet
pairs are calculated according to Eq. (22) and shown as the blue dots in Fig. 10. The K;
peaks at the two opposing magnet pairs configuration and decreases when the number
of opposing magnet pairs is more than two. If any one of the configurations can provide
the required optimal damping in Table 1 when the resistance ratio equals to one, then
the bi-objective optimal design is achieved.
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Fig. 10. EMSD transduction factor K, and damping coefficient c,(when rz=1) with
different opposing magnet pairs

Moreover, the opposing magnets connecting surface is originally located at the
central point of the coil along the axial direction as shown in Fig. 1. K; can be slightly
tuned by changing the equilibrium position between the magnets and coils in the axial
direction. As shown in Fig. 11, K; varies with different offset distances between the
magnets and the coils. The original setting of locating the opposing magnets connecting
surface at the central point of the coil can generate the largest K;. While the offset
distance increases in both positive and negative directions, K; decreases with a trend
similar to a sine curve. The tunability of K, is conducive to the tuning of the optimal
condition of the EMSD for vibration control of the primary system.
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3.2.3 Damping coefficient

When rg =1 and Rjyqq = 2.5Q, the damping coefficients with different
numbers of opposing magnet pairs are calculated according to Eq. (2) and plotted as
red rhombi connected curve in Fig. 10. The damping coefficient of the EMSD with six
opposing magnet pairs configuration is found to be 8.7 N - s/m, which is nearest to the
required optimal damping 8.8 N - s/m in Table 1. Therefore, EMSD with six opposing
magnet pairs in Fig. 8 is the most appropriate configuration to achieve the bi-objective
optimal status. To verify the calculated results, this EMSD is tested with its damping
coefficient measured.

The hysteresis loop of the proposed EMSD prototype is obtained by measuring the
damping force and displacement of the EMSD with 10.25 Hz and 2 mm amplitude
excitation and plotted in Fig. 12 to verify the accuracy of the simulated results. As
shown in Fig. 12 (a) and (b), the friction in the EMSD varies significantly if the moving
components are not carefully aligned to minimize the friction between the moving and
non-moving parts of the EMSD. Fig. 12 (b) shows the hysteresis loop of minimum
friction after careful alignment of the moving components such that the damping of the
EMSD can be finely tuned by adjusting the transduction factor mentioned above to
achieve the bi-objective optimal condition of the EMSD.
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Fig. 12. Hysteresis loops of the proposed EMSD with (a) ordinary installation and (b)
friction minimized installation

The value of the damping coefficient can be obtained from the energy lost per cycle
in the EMSD as

X 2x2 X

where AU 1is the energy loss, evaluated by the enclosed areas of the measured
hysteresis loops in Fig. 12. U; denotes the energy lost with specific external resistance.
U, denotes the energy loss when the circuit is open. X is the displacement amplitude.
w and f are the excitation frequencies in rad/s and Hz, respectively. In Fig. 12,
displacement amplitude, X = 2 mm, excitation frequency, f = 10.25 Hz, and external
resistance, Rj,qq = 2.5(. The energy loss U; - U, can be calculated using the
enclosed areas of the hysteresis loops in Fig. 12. The damping coefficients of the EMSD
can then be evaluated as ¢, =8.69N-s/m and 8.81N-s/m for ordinary and
friction minimized installations, respectively. The variation of the measured and
simulated damping coefficients with different external resistances are shown in Fig. 13.
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The friction effects can be minimized by carefully adjusting the installation angle
and the location of the moving part in the damper as shown in Fig. 13. The transduction
factor and the friction should be properly balanced to obtain the bi-objective optimal
status. Moreover, the simulated results and the measured damping coefficient of the
EMSD are matching well in both installations as shown in Fig. 13, which verified the
modeling effectiveness of the proposed EMSD. The damping coefficient with offset
distance is measured as shown in Fig. 13(b), when the EMSD is installed with minimum
friction. The damping coefficients with -7 mm or 8§ mm offset distances have smaller
values than the ones without offset distance, which verified the offset displacement
dependence of the damping coefficient predicted by the simulation results in Fig. 11.
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With the theoretical and design analyses above, the bi-objective optimal design of
EMSD requires two major steps (schematically represented in Fig. 14):

1. Determination of the constant c,y;.

2. Calibration of the EMSD parameters to satisfy Cgyy opti-

4. Bi-objective experimental test of EMSD

The optimally designed EMSD is experimentally tested to verify the expected
functionalities in terms of both vibration control in the SDOF system and energy
harvesting in the DVA.

4.1 Experiment setup

The experimental setups of the SDOF system and DVA system are shown in Fig.
15. The non-contact exciter on the top provides the excitation force with negligible
effect on the stiffness of the driven structure. A force sensor under the exciter is used
for measuring the excitation force. Two laser sensors are fixed on a supporting holder
to measure the displacement of the primary mass and the mass of the DVA. The pre-
compressed DVA spring acts as a linear guide for the mass of the DVA. Four rotational
bearings fix the primary system on the side faces and serve as a linear guide for the
vibrating mass of the primary system with minimized friction. In the SDOF system, the
coils of the EMSD are fixed on the mass plate of the primary system, while the magnets
of the EMSD are fixed on the floor. In the DVA system, the coils of the EMSD are also
fixed on the mass plate of the primary system, the magnets of the EMSD move inside
the coils through the DVA spring. Moreover, both the magnets of the EMSD and the
DVA counter-weight form the DVA vibrating mass. The effective values of both
systems are tabulated in Table 1. The data acquisition system and the tunable resistor
are shown in Fig. 16.
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Fig. 16. Experiment auxiliary system: (a) the signal generation, data acquisition and
processing system, (b) the tunable resistor

As shown in Fig. 16(a), a B&K PULSE 7767 is utilized for signal generation, data
acquisition and processing. A B&K 2712 power amplifier is connected to the non-
contact exciter to provide the input power of the primary system. The tunable resistor
is combined with an 8-bit electromagnetic relay in Fig. 16(b) to change the external
resistance in a binary system with 1 () resolution. A fine-tuning resistor is added to
improve the resolution of the tunable resistor in case the resistance adjustment is smaller
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than 1 Q. The natural frequency of the primary system (f,; = 10.25 Hz) can be
obtained as shown in Fig. 17 through the free vibration response started with an initial

displacement. The input energy demands identification for the energy flow qualification
of the vibration system.

3

1 (b
(a) 20 ( ) | \( 10.25, -18.0077)
24 || | ,‘" \
|| I !
z ‘l | \‘ i 30 o\
1 | o \
£ (AR g AN
£ R N\
20 | R
g T \
k] T .50 s
&1+ E \
- \\’\\
2 &0 \\\
N\
-3 T T T T T T T -70 T T T T T
0.0 0.5 1.0 20 25 3.0 0 2 4 12 14 16 18

15 8 10
time (s) frequency (Hz)

Fig. 17. Free vibration response of the primary system in (a) time domain, (b)
frequency domain
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Fig. 18. Input energy power variation with different excitation voltage

In Fig. 18, the root-mean-square value of the vibrating system input energy with
different excitation voltages is obtained by measuring the output voltage and the current
of the B&K 2712 power amplifier.

4.2 SDOF system with EMSD

The vibration response and the harvested energy of the SDOF system with the
proposed EMSD are measured in this section to verify the theoretical analysis results.

4.2.1 Vibration response

The displacement response of the SDOF system is shown in Fig. 19. As shown in
Fig. 19(a), the maximum displacement always locates at the natural frequency
regardless of the external resistance. A higher external resistance in the EMSD circuit
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corresponds to a lower damping and lower energy dissipation based on Eq.(2).
Therefore, the maximum displacement response increases with the increase of the
external resistance. Moreover, the maximum displacement amplitude variation with the
external resistance matches with the theoretical prediction expressed by Eq. (9). The
harvested energy is calculated by the measured voltage and the real-time external
resistance of the tunable resistor in Fig. 19(b).

x1/Xst

8 T T T T T T
0 10 20 30 40 50
Risaal @)

Fig. 19. SDOF system response: (a) the displacement amplitude variation in the
frequency domain with different external resistance, (b) the normalized maximum
displacement amplitude with different external resistance

4.2.2 Energy harvesting

To locate the frequency for the maximum harvest energy, the harvested energy
variation test in Fig. 20 with 0.25 Hz resolution indicates that the maximum harvested
energy appears at 10.25 Hz which is the natural frequency of the primary system due
to the maximum vibration velocity of the primary mass at resonance. Moreover, the
harvested energy variation with external resistance at 10.25 Hz is much larger than that
at other frequencies as shown in Fig. 21 because of the same reason.

As shown in Fig. 21, the harvested energy peaks with similar external resistance
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with excitation at five different frequencies. All the corresponding external resistances
are larger than the internal impedance (2.5 (1), particularly when the SDOF system is
under the resonant excitation. One major reason for this phenomenon is that the internal
impedance increases when the harvested energy increases dramatically.
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Fig. 20. Harvested energy variation of SDOF system in the frequency domain with
1Hz resolution
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Fig. 21. Harvested energy variation of SDOF system with external resistance under
different frequency excitation

4.3 DVA system with EMSD

The measured vibration response and the harvested energy of the DVA system with
the proposed EMSD are presented in this section for the validation of the theoretical
analysis results.

4.3.1 Fixed-points calibration

For the DVA system, fixed-points calibration is the top priority since the mini-
maximum vibration response of the primary system occurs only with fixed-points of
equal response magnitude in its response spectra. The response magnitude at the fixed-
points can be tuned to equal by adjusting the DVA counter-weight as shown in Fig. 15.
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Spectrum analysis of the primary system is conducted to observe the calibration effects.
Three random values of external resistance are selected to find the intersections of the
response curves under different damping. Once the two fixed points reach the same
amplitude, the fixed points for optimal status are found. As shown in Fig. 22, properly
calibrated fixed-points P and Q possess the same magnitude of the primary system
response when the system is under the swept sinusoidal excitation from 0.1 Hz to 20
Hz with the speed of 1 Hz/s. Since the peak point of energy harvesting only depends on
the resistance ratio while the vibration response depends on the resistance ratio and the
transduction factor, the harvested energy is measured first with the searched identical
fixed points.

10
frequency (Hz)

Fig. 22. Fixed-points calibration
4.3.2 Energy harvesting

Similar to the SDOF with EMSD system in Section B, the harvested energy test
with 0.25 Hz resolution is shown in Fig. 23. The results show that the maximum
harvested energy appears at frequency close to the fixed-point Q and varies with
different energy input. As shown in Fig. 23, with 4083 mW energy input, the maximum
harvested energy appears at frequency close to the fixed-point Q and the input energy
does not cause much heat generation in the coils. The test case with 4083mW energy
input is therefore selected for finding the relationship between the harvested energy and
the effect of external resistance in the EMSD circuit for vibration control of the primary
system.

25



300

—a— 706mW input
—e— 1032mW input
—4&— 1625mW input
—¥— 2775mW input
—4—4083mW input
—<4—5541mW input
—»— 7256mW input
—e— 8273mW input

*— 9409mW input

250

200

o
=]
!

100 o

output power (mW)

50 4

T T T T T
95 100 105 ] : 12.0
frequency (Hz)

Fig. 23. Harvested energy variation of DVA system in the frequency domain with 1Hz
resolution

As shown in Fig. 24, the harvested energy reaches the peak value with different
external resistances in the EMSD circuit under different excitation frequencies. All the
corresponding resistance values are larger than the internal impedance of 2.5 (). The
major reason is that the internal impedance will increase when the harvested energy
increase dramatically. The primary system response with different damping is identical
and hence the same induced voltage (EMF) from the vibrating system at the fixed points
of the response spectra of the primary mass. Moreover, the frequency of the fixed-point
Q can be calculated as 10.79 Hz, which is close to 10.75 Hz. Therefore, the output
power curve under 10.75 Hz excitation, whose peak value located at 6 (), is selected
for the comparison of bi-objective optimal condition implementation.
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Fig. 24. Harvested energy variation of DVA system with external resistance under
different frequency excitation

4.3.3 Vibration response

The primary system response measurement is conducted smoothly to reach the H,,
optimal status of the DVA system by tuning the external resistance with the properly
tuned fixed-points as shown in Fig. 25. The optimal status appears when the external

26



resistance is around 6 (1 at which the dimensionless response amplitudes of the
primary system at the fixed points are equal and locate at the peaks of the response
curve.

N

T T T T

10
frequency (Hz)

Fig. 25. Primary system response in the frequency domain with different external
resistance when the proposed EMSD is applied in the DVA system, (a) the overall
curve (b) zoom-in of the fixed-points

4.4 Bi-objective test results

The measured results of both vibration response and energy harvesting of the
proposed EMSD when applied to a SDOF system (Fig. 15a) and to a DVA system (Fig.
15b) have been presented in the above sections. The harvested energy value is found to
be much larger in the SDOF system than in the DVA system in comparison of the results
in Fig. 26(a) and Fig. 26 (b). However, the proposed EMSD can harvest higher kinetic
energy in a relatively broader frequency range in the DVA system than in the SDOF
system.

The harvested energy and maximum amplitude of the primary system response at
different external resistance in the EMSD circuit are plotted in Fig. 26. The harvested
energy and the maximum vibration amplitude can obtain the optimal status with the
same external resistance (around 6 (1) in the DVA system, while the maximum
vibration response increases monotonically in the SDOF system. Numerical results in
terms of system response and harvested energy of the SDOF and DVA systems are
added in Fig. 26(a) and Fig. 26(b), respectively, to compare with the measured results.
It can be seen that the measured displacements and harvested energy match well with
the predicted values, except the measured displacement in the DVA system, which is
larger than the predicted one when the external resistance is higher than the optimal
resistance. The possible reason behind is due to the diffrences in the damping ratio of
the sensitive DVA system as a result of parasitic damping components in the system.
Neverthless, the genral trend and even the energy level obtained numerrically and
experimentally are deemed satisfactory to confirm the effacacy of the design.
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The steady-state response and energy harvesting performance are investigated with
the proposed EMSD applied on a DVA system. For other applications where the
excitation frequency changes considerably [29,30] and applications with intermittent
[31] or time-limited [32] excitations, the applicability of the proposed EMSD is still
required to be verified. The extending research of the proposed EMSD in these three
aspects will be conducted in future.

5. Conclusions

A bi-objective optimal design methodology of EMSD is proposed and
experimentally validated to achieve maximum amount of energy harvest from the
damper and resonant vibration suppression of the vibrating structure simultaneously.
To achieve maximum amount of energy harvest by the EMSD, its coil is designed such
that its internal impedance equals to the external resistance in the EMSD circuit. By
keeping the internal resistance of the EMSD coils constant, the transduction factor of
the EMSD is adjusted to its optimum value leading to the optimum damping coefficient
of the EMSD as dictated by the fixed-points theory of DVA. The electromechanical
transduction factor is tuned by searching the optimal number of opposing magnet pairs
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numerically. It is found that EMSD with six opposing magnet pairs provides the optimal
damping when the coil internal impedance equals external resistance. The proposed
EMSD is applied to SDOF and DVA systems for both resonant vibration suppression
and energy harvesting. The resonant vibration suppression increases monotonically
with the decrease of resistance ratio in the SDOF system. On the other hand, the
proposed EMSD provides maximum suppression of vibration amplitude of the primary
mass and maximum energy harvested from itself as predicted by the theory. The bi-
objective design methodology is applied and achieved in the DVA system as proven by
the theoretical and experimental results. Moreover, the harvested energy is higher in the
SDOF system than in the DVA, while the useful frequency bandwidth for energy
harvesting is much wider in the DVA system.
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