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Abstract

Dynamic vibration absorber (DVA) is an effective device for suppressing resonant vibration of noisy machineries and structures.
However, the optimum design of DVA requires precise tuning of the damping force in the DVA, which unfortunately is often
not practical and prone to changes of working conditions. In this paper, a tunable electromagnetic shunt damper (EMSD) with
different opposing magnet pairs configurations is tested for the optimum design of DVA. The optimum magnet pairs configuration
is derived to provide the maximum damping force in the DVA. Both simulations and experiments are conducted to verify the
damping coefficient variation with the number of magnet pairs in the EMSD. The experimental optimization procedure of the DVA
is designed according to the fixed-points theory. The damping force generated by the EMSD can be readily adjusted by varying
the external resistance of the EMSD. This is the first experimental implementation report of the optimization procedure described
in the fixed-points theory. The proposed tunable EMSD can conveniently allow for onsite optimal tuning of DVA. The proposed
design methodology provides fine tuning of the damping coefficient of EMSD to achieve robust optimal DVA performance, even
when subject to changes of external parasitic damping.
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1. Introduction

The theoretical analysis of dynamic vibration absorbers
(DVAs) has been the topic with extensive discussions in the lit-
erature review. Nishihara [1-3] gave the exact theoretical so-
lution of the H., optimization tuning based on Den Hartog’s
classical fixed-points theory [4]. Warburton [5] also developed
the exact solution of the H, optimization tuning condition for
global vibration control. The damping requirement of DVAs
were thoroughly analyzed for the optimal working condition of
the DVA [6]. The theoretical optimization of DVA was con-
ducted for single degree of freedom (SDOF) vibrating system
[7, 8] and multi-degree of freedom vibrating system [9, 10].
Structural morphing [11-13], different combinations [14] and
modified optimization methods [15, 16] were proposed for var-
ious kinds of vibration control applications. Different types of
dynamic vibration absorbers were categorized and the corre-
sponding transfer functions of their dynamic models were com-
pared [17].

Reported applications of DVAs cover both discrete [18] and
continuous structures such as beams [19, 20] and plates [21,
22]. DVAs were also applied in many on-site fields: the vehicle
suspension [23], buildings and towers [24, 25], maching boring
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bar[26], micro-electromechanical systems (MEMS) [27, 28],
floating raft system [29], pedestrian footbridge [30, 31], truss
structure [32], high speed rotational machine [33], and piping
system [34] etc. The high sensitivity of DVAs to the variation
of external conditions has always been a challenging problem,
which compromises their performance of DVAs and hinders
their wide applications in practice. In particular, the amount of
damping in the DVA requires precise tuning to ensure the best
effective vibration suppression performance of the controlled
structure. Detuned DVA may even amplify the vibration of
the controlled structure. Conventional means such as the com-
monly used fluid viscous damping, for example, is difficult to
cope with such a need in terms of providing tunable damping.

Electromagnetic shunt damper (EMSD) was first proposed
by Behrens [35] for vibration control with precise tunability
of vibration damping. The vibration isolation performance of
EMSD is well studied in both linear systems [36] and nonlinear
systems [37]. When being applied in the vibration system, the
optimal damping resistance is also given to suppress the reso-
nant vibration [38]. With the fine tunability of vibration damp-
ing, EMSD is applied in DVA system which requires precise
damping to achieve the system optimal status [39]. A beam-
like DVA system is proposed by Kremer with EMSD, both har-
monic force [40] and transient [41] excitation in the system are
investigated to verify the vibration absorption performance of
EMSD.

Moreover, with the capacity of transferring mechanical en-
ergy into electrical energy, EMSDs in DVA system always func-
tion both in vibration control and energy harvesting. The per-
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formance of EMSD simultaneous vibration suppression and en-
ergy harvesting function is deeply analyzed in both traditional
[42] and beam-like [43] DVA system Galluzzi [44] proposed
a rotary shock absorber with EMSD in automotive suspension
to harvest energy from road irregularities, and the correspond-
ing experiments verified the damping efficiency performance.
The theoretical analysis of EMSD in DVA system with is also
conducted to achieve both objectives optimal status [45]. With
the aid of microcontroller, the EMSD connected circuit is able
to maintain a nearly constant resistance that providing stable
damping force [46]. Since the dual-function is performed well,
EMSD is widely used in bridge cable [46, 47], auto-suspension
[44], seat suspension [48], railway transportation [49] for both
vibration control and energy harvesting.

Despite the existing work, the structural configuration of
EMSD has been seldom investigated in views of improving the
electro-mechanical coupling to obtain better damping perfor-
mance. Existing efforts include the improvement of the EMSD
by introducing negative impedance which demands the utiliza-
tion of external power supply into the system. Behrens [50]
first proposed the concept of the negative inductor-resistor for
the EMSD shunt circuit. The numerical analysis of EMSD in
DVA system shows that, the system response will decrease and
the absorbing area will also be broaden with the negative in-
ductance in the shunt circuit [51]. The experimental study of
EMSD with negative resistance verified the improved the damp-
ing improvement in spacecraft micro-vibration control system
[52]. The linear-EMSD and nonlinear-EMSD with negative re-
sistance are both investigated by Yan [53] that giving guidelines
to design nonlinear damping.

Inspired by the proven effectiveness of opposing magnet
configuration for EMSD performance enhancement [54], this
paper presents tunable EMSDs with various opposing magnet
pair configurations along the axial direction to improve the damp-
ing performance. The damping coefficient of the EMSD peaks
when the opposing magnet pairs are properly arranged to strike
a balance between the peak radial magnetic flux density and the
number of opposing magnets pairs. The EMSD damping peak
can be easily searched out with the proposed method below.
And the corresponding experimental results verified exist and
the accuracy of the peak. This paper provides a guideline for
EMSD design with opposing magnets configuration to achieve
maximum damping coefficient.

The tunable EMSD empowers the DVA with flexible adapt-
ability to reach and maintain optimal working conditions even
when the internal parasitic damping changes by various external
factors such as the friction variation of the internal components.
As a side benefit, the tunable EMSD also allows for saving en-
ergy of the system when working in the higher frequency range
exceeding the resonant frequency of the system.

In the following sections, the basic theoretical analysis of
EMSD and the classical optimization of DVA through fixed-
points theory are introduced first. Subsequently, the EMSDs
with various opposing magnets pair configurations are investi-
gated, and the corresponding verifications are conducted through
simulation and experiments. Finally, the optimum DVA is im-
plemented and experimentally tested.

2. Theoretical basis of EMSD and DVA

2.1. Basic concepts and principles of EMSD

The EMSD can be regarded as a linear electric generator,
which can potentially be used as an energy harvester. A typical
EMSD structure consists of a magnet and a coil as shown in
Fig. 1(a).The motional electromotive force (EMF) is induced
between the magnet and the coil by the relative motion. A tun-
able damping force will then be induced if the two terminals are
connected with a variable resistor as shown in Fig. 1(b).
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Fig. 1. Typical structure of an EMSD: (a) the magnet and coil, (b) the equivalent
coil circuit and external connected tunable resistor

The induced motional EMF, &, is measured in volts when
the EMSD circuit is open. For the red dashed single loop coil
with infinite arc segment d/ in Fig. 1(a), since the relative mo-
tion is along the axial direction (x-axis) under the cylindrical
coordinate system, the axial magnetic flux density, B, makes
no contribution to the motional EMF. Therefore, only the radial
magnetic flux density, B,, contributes to the damping function.
Therefore, one as

g=—9§ B, (x,r)dlx €))]
loop
Expressing

&€= K,)'C (2)

The transduction factor, K;, is defined as
K, = —9§ B, (x,r)dl 3)
loop

K, quantifies the electromechanical coupling strength. In the
whole electric coil with N turns loop as shown in Fig. 1(a), K,
can be simplified as

N
K, = =21 ) r () B, (x,7,) @
i=1

where r denotes the radius of the target point.

In the absence of flux leakage and eddy current in the sys-
tem, if the external resistance Rjoad is connected with the EMSD
coil, the induced damping force F, can be expressed as

. K
Fe:K,z=7’ (5



where i is the electric current in the closed circuit and Z the
total circuit impedance which is a tripartite written as

12 = \Rix + Ripaa)? + QtfLi)? ©)

where f is the EMF frequency in Hz; L;, the internal inductance
of the coil and R;, the internal resistance of the EMSD coil.
Since the the internal inductance is always very small and the
system is mostly applied in low-frequency dmoain, the indutive
impedance can be ignored in most occasions.

Combing Egs. 2 and 5 yields the damping force as

K; .
F, = 7)5 @)
Therefore, the damping coefficient c, of the EMSD can be
expressed as

F, K
e:+:_ 8
“T 3Tz ®)

2.2. Optimization of DVA with the tunable EMSD based on the
fixed-points theory

Fycoswt

Fig. 2. A vibrating system with DVA

When the EMSD is deployed as a tunable damper, attached
to a single-degree-of-freedom vibrating system as shown in Fig.
2, the equations of motion of the system are given by

my¥y + kixy + ks (x1 — x2) + 2 (X1 — %) = Fycoswt )

(10)

where k;, m; and k;, m, denote the spring stiffness and the mass
of the primary system and that of the DVA, respectively. x;
and x, denote their respective displacement of the primary sys-
tem and DVA. c, is the equivalent damping coefficient of the
EMSD. The natural frequency of the primary system and that
of the DVA before they are coupled together can be expressed
by w,1 = Vki/my and w,p = Vky/m, , respectively. The dimen-
sionless displacement X; of the primary system can be derived
by solving Egs. 9 and 10 with the fixed points theory [4], giving

myJy +ky (X —x1) + 2 (G — %) =0

Xi QD + (2 -9’

Xy \/(251)2[(1 + ) 2 =17+ [1y2 22 = (2 = 1) (2 = 92))?
(11)

where X, = Fo/k; is the initial static displacement. & = c./c, is
the damping ratio. ¢, = 2m,w, is the critical damping constant

of the DVA. 1 = w/w, is the frequency ratio. y = wyp/wy 1s
the natural frequency ratio, and u = my/m, is the mass ratio.
The displacement responses of the primary system with respect
to different damping ratios in the frequency domain are shown
in Fig.3 when the mass ratio is 0.1.
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Fig. 3. Displacement amplitude of the primary system with different damping
ratios

As shown in Fig. 3, two fixed points can be observed in
the response spectra of the primary system. Moreover, the dis-
placement of the primary mass reaches a min-maximum value
at a certain set of frequency ratio and damping ratio value, cal-
culated by [4]

{ Yoptimal= ﬁ ( 1 2)

_ 3u
fo ptimal — 8(1_‘W

Upon a proper design of the EMSD, the optimization of the
DVA can be achieved and the tuning procedure is described in
the following section.

3. Design analyses of EMSD configurations

3.1. EMSD with various opposing magnets pairs

Owing to the significantly improved radial magnetic flux
density, particularly in the area where the magnet poles are
connected, EMSDs with opposing magnets configuration has
shown promise in increasing the damping coefficient [54]. With
the same amount of magnets and wires, the damping coeflicient
variation with different opposing magnets pairs configuration
needs to be investigated. In this work, twelve ring-shaped mag-
nets, each having a length of 10mm (as shown in Fig. 1) and an
amount to 756 turns with Imm wire diameter, are used to con-
struct the EMSDs. Details of the magnet and coil parameters
are tabulated in Table 1.

The length of the coil is 12mm shorter than that of the mag-
net to provide the skeleton space for winding the coils. As-
suming the coil is tightly wound as shown in Fig. 1, the total
number of turns Ny, is

(ra—rple
d2

wire

Niotal = (13)



Table 1 Parameters of the magnet and coil

Material NdFeB N33
Internal diameter 4mm
Magnet External diameter 15mm
Length 10mm
Number 12
Internal diameter(d,) 18mm
External diameter(d,) 32mm
Total length(/,) 108mm
Coil Turns(N;orar) 756
Wire diameter(d,,iy.) Imm
Wire length(L,,;.) 64m
Internal resistance(R;,) 1.5075Q

Then, the total wire length L, of the coil can be expressed
as
Lyire = (r1 + 12) Nigai (14)

Moreover, the internal resistance can be written as
Lwire =p Lwire
- 2
S (dyirel2)

Riy = (15)
where p denotes the electrical resistivity of copper and S the

cross-section area of the wire. The calculated results using Egs.
13 to 15 are shown in Table 1.
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Fig. 4. Structural configuration of EMSDs with different numbers of opposing
magnet pairs

Since the number of magnets used is twelve, the value of
opposing magnet pairs could be the common divisor of twelve,
ie. 1,2, 3,4, 6, and 12. The possible EMSD structures with
serial numbers M, M,, M3, My, Mg and My, are shown in
Fig. 4. The twelve magnets are divided into groups depending
on the number of the opposing magnets pairs. For M, case,
the magnets are separated into 2 groups, each containing six
magnets. The six magnets are connected in a homodromous
direction to form a longer magnet of 60mm long, then the two
longer magnets are tightly connected in opposing direction by
a screw through a central 4mm hole. Other opposing magnets
configurations as shown in Fig. 4 follow similar connection
rules.

For each adjacent coil pair connected in phase difference
with M; opposing magnets pairs in Fig. 4, the transduction

factor K, in Eq. 3 is derived and written as

M, N
Ki==2n ) > r(i.j)B (xri.)) (16)

Since the coil radius r (i, j) is fixed, K; mainly depends on the
values and distribution of the radial magnetic flux density B, (x, r).
B, (x, r) corresponding to different configurations are discussed
in the following section.

3.2. Analyses on EMSD performance

3.2.1. Radial magnetic flux density

Finite element analysis software FEMM is used to obtain
the distribution of B, (x, r) around the magnets. FEMM defines
the permanent magnet by entering the magnet’s coercivity H,,
which can be explained by the current model [55]. According
to the standard GB/T 13560-2017 of the sintered NdFeB, the
nominal coercivity of the N33 magnet is 876 kA/m and its min-
imum coercivity is 820 kA/m. However, the actual coercivity
of purchased magnets in practice could be lower than the mini-
mum coercivity because of the machining process.
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Fig. 5. The magnet flux density of Mg and Mi,, obtained from simulation with
the nominal coercivity

The magnet coercivity H,, is an important parameter which
needs to be calibrated for the accurate data fitting. The peak
value of the magnetic flux density, Imm above the surface with
the Mg configuration, is measured as 0.9351 T by using a Gauss-
meter. However, the corresponding simulation result of the tar-
get point is 1.2 T with H,;, as shown in Fig. 5(a), which is very
different from the measured value. This needs some corrective
actions. As shown in Fig. 6, the magnet coercivity is found
to be about 700kA/m by matching the peak value of magnetic
flux density 1mm above the surface with the M, configuration
between the simulation results and measuring data.

With the ratified H,;,, B, (x, r) variation with the radius and
length under different opposing magnet pair configurations are
calculated and plotted in Fig. 7. The number of B, (x, r) peaks
increases with the increase of the number of opposing magnets
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Fig. 6. Surface magnetic flux density of the target point with different coercivity
values and the corresponding measuring data

pair M;. The peak values of B, (x, r) in Fig. 7 versus the radus r
are plotted in Fig. 8. It shows that the peak of B, (x, r) decreases
when M; increases. As a result, there should exist a certain M,
at which K; becomes maximum.

3.2.2. The transduction factor

With the simulated B, (x,r) as shown in Fig. 7, the trans-
duction factors, K;, are calculated using Eq. 16 and plotted in
Fig. 9 to show its variation with the number of opposing mag-
nets pairs. Both the nominal coercivity and minimum coercivity
in production are considered in the K, calculations. As shown
in Fig. 9, K, reaches the maximum at 4 opposing magnets pairs
and decreases with the number of opposing magnets pairs fur-
ther increases. One can concludes that the number of opposing
magnets pairs plays a dominant role to K, when the pair num-
ber is small while the magnetic flux density has a larger effect
to K; when the pair number is large. Therefore, the maximum
K; appears in Fig. 9 is a result of the balance between these two
factors.

3.2.3. Internal inductance of the coil

The damping coefficient of the EMSD can be obtained with
the calculated transduction factor based on Eqgs. 6 and 8. The
internal resistance R;, can be calculated by considering the whole
length of the wire. However, the calculation of the internal in-
ductance L;, is more complicated because of the winding style
and the opposing connections in the coils for each magnet pair.
Since the adjacent coils are connected with 180° phase differ-
ence, the mutual inductance M;; among the coils needs to be
added to the coil inductance while calculating the total internal
inductance [56] expressed as

7)

where ¢;; = 1 for i = j, otherwise ¢;; = 0. The plus-minus sign
in Eq. 17 depends on the coil phase difference A¢ equals to 0°
or 180°. M;; is also multiple summations of the basic mutual

inductance of any two single coaxial coils. Taking EMSD with
M, configuration in Fig. 10(b) as an example, with a coil C1
containing T layers and L¢; loops and a coil C2 containing
Tc, layers and L¢s loops, M;; between the two coils can be
expressed as

(18)

~.
I
3
I
=
I

where R¢i.,, and Rey., are the radius of the mth loop of C1 and
the nth loop of C2, respectively, and d,( ; denotes the axial
distance between the target coils.

Moreover, the basic mutual inductance expression of the
two single coaxial coils as shown in Fig. 10(a) could be ob-
tained by the Neumann’s formula written as

dicy X dicy
M= @5696 c1 X dlep
471' RP

— —
where Rp is the distance between the vector dlc; and dic.
The mutual inductance in Eq. 19 can be rewritten as

19)

Y 2 fzn R(R; cos (@1 — ¢2)
4
mJo Jo \/Rf +R2 + d2 - 2R\ Ry cos (o1 — ¢2)

do1dp

(20)
For the self-inductance L; in Eq. 17, the mutual inductance
of the loops for a single layer and the loops of other layers
should also be considered since the coil contains N; layers and
N; loops, as shown in Fig. la. Taking L; as an example, the
self-inductance of the coil can be expressed as

N, N N
Ly = N; 2 L(Risdir) + 2 X N 3. 3, M (Ri, Ry, 0) x (1 = 5)
= i=1 j=
N, N N, N !

+2x Y ¥ ¥ % M(Ri.Ri.dy)

i=1 k=1 j=i+11=1

2D
The coil internal inductance can be calculated under differ-
ent opposing magnet pair configurations as shown in Table 2
based on the Eqgs. 17 - 21. The internal inductance decreases
with the increase of number of opposing magnet pairs. How-
ever, in the low frequency range from 10 to 50 Hz, the internal
impedance of the coils is not significantly affected by the varia-

tions of the internal inductance.

Table 2 Calculated results of coil parameters

Ri,(Q) Y L(mH) 3 M;j(mH) Li,(mH)
M, 1.5 2.5738 0 2.5738
M, 1.5 2.3246 -0.0837 2.1571
M5 1.5 2.1142 -0.1598 1.7947
My 1.5 1.9367 -0.2209 1.4950
Mg 1.5 1.6578 -0.2945 1.0687
M 1.5 1.1681 -0.3314 0.5053
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Fig. 7. Radial magnetic flux density of different opposing magnets pairs configurations
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Fig. 10. (a) Model of two single coaxial coils. (b) the M4 configuration

3.3. Experimental verifications

Experimental tests are conducted to verify the damping co-
efficient variations of the EMSDs with different configurations
predicted in the previous section.

3.3.1. Experimental setup

Three EMSDs, M4, Mg and M,,, are manufactured and
tested for as shown in Fig. 11. The opposing magnets are
aligned and fixed following the procedure outlined in Section
3.2. The thickness of the coil spacing board is 3mm in M4, 2mm
in Mg and 1mm in M, configurations respectively. Therefore,
the coils of the three EMSDs have the same total length.

The two EMSDs are successively mounted in turn to the
vibrating system designed for the DVA test as shown in Fig.
12. Each EMSD has its one end fixed on the floor with a force
sensor connected in the middle for damping force measurement



while the other end is connected to the vibrating mass. A dis-
placement sensor is fixed on the supporting shelf for the vi-
bration displacement measurement. An non-contact exciter is
connected with the B&K 2712 power amplifier to provide a
sinusoidal excitation at 10 Hz. The power amplifier and the
sensors are all connected to the B&K PULSE 7767 for signal
generation and processing.

Fig. 11. Three EMSD prototypes with the configurations: (a) M4, (b) Mg and
(c) M1z

| B )
non-contact
exciter

tunable
resistor

[

force
1 sensor

Fig. 12. Experimental setup for EMSD hysteretic loop measurement

3.3.2. Damping coefficient measurement

Fig. 13 shows the measured hysteretic loops, whose en-
closed area represents the damping capacity of the system. The
yellow rectangular loop denotes the unavoidable parasitic damp-
ing including friction and air damping in the system. It can
been seen that M, offers much larger damping than M, with
the same external resistance in the EMSD circuit. The results
of M\, is also meausured. Since the similarity between M, and

Mg except for slight smaller damping tuning range than Mg, the
damping coefficient range of Mg is only shown in Fig. 15 to
avoid the convoluted illustration.

The damping coefficient ¢ can be determined from the en-
ergy lost per cycle expressed as

AU U -U,

T rox? T 2fexe 22)

where AU is the energy loss per cycle which can be evaluated
by the enclosed area of the hysteretic loop. U; denotes the
energy lost in the vibration system with a given external re-
sistance in the closed circuit of the EMSD while U, denotes
the energy loss when the circuit is opened. X is the displace-
ment amplitude. w and f are the excitation frequencies in rad/s
and Hz, respectively. The calculation yields damping coeffi-
cient ¢, = 15.84N - s/m for My, ¢, = 14.60N - s/m for M, and
c. = 5.99N - s/m for M, with an external resistance of 1.1 Q in
the EMSD circuit.
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Fig. 13. Hysteretic loops of (a) M4 and (b) M2

3.3.3. Analysis of the test results

The simulated damping results are compared with the mea-
sured ones. The possible range of the transduction factor is
shown in Fig. 9.For the coil internal resistance, the calculated
result is 1.5Q as shown in Table 1 with the assumption that the
coil wires are wound tightly as shown in Fig. 14(a). This re-
sults in 7 loops per layer in the skeleton based on the diameter
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Fig. 14. Top view of the coils with (a) tight winding and (b) loose winding with
a 0.2mm gap

between 18mm and 32mm. However, the measured resistances
are 1.291 Q, 1.305Q and 1.294Q respectively for My, Mg and
M, configurations. The difference suggest that the air gaps
exist between the loops as shown in Fig. 14(b), which should
be considered. The average value of the measured coil internal
resistance is 1.2967Q. Since the coil internal resistance is pro-
portional to the number of turns of coil based on Eqs. 14 and
15, the corrected total turns Ny, and the number of loops per
layer N; are determined as shown in Table 3.

Table 3 Coil parameters comparison between theory and measurements

Theoretical Corrected Measured
data theoretical data data
Rin 1.5075 1.2921 1.2967
N, 7 6 6
Niotal 756 648 648

With the calibrated coercivity and total number of turns
in the coil, the transduction factor can be evaluated based on
Eq. 16. The total impedance can be obtained with the mea-
sured internal resistance, calculated internal inductance in Sec-
tion 3.2.3, and the selected external resistance in Section 3.3.2.
Then, the simulated damping coefficient curve with various con-
figurations is obtained and shown as dashed line in Fig. 15. The
three red dots are the measured results for My, Mg and M,. The
calculated damping coefficient results agree well with the mea-
sured data, which verifies the validity of the EMSD modeling
methodology. The hatched zone in Fig. 15 shows the possible
damping coefficient due to the variation of different estimated
system parameters.

With the increase of number of opposing magnets pairs, a
single magnet cylinder is becoming shorter, which results in the
magnetic energy product decrease of each single magnet cylin-
der. Then, the radial magnetic flux density induced by oppos-
ing magnets configuration is bound to decrease. Therefore, the
decreasing radial magnetic flux density and increasing number
of opposing magnets pairs will generate a peak of transduction
factor based on Eq.4. The balance between increasing the num-
ber of opposing magnet pairs and decreasing radial magnetic
flux density results in the maximum damping coefficient in Fig.
15. This can be obtained with an optimum number of opposing
magnet pairs in similar EMSD configurations.

7% possible range
***** simulation
measuring data

damping coefficient (N-s/m)

minimum coercivity
in production

0 . T - : - : . T . T . T
0 2 4 6 8 10 12
opposing magnets pairs

Fig. 15. Comparison of damping coefficient between simulations and experi-
ments

4. Experimental optimization of DVA with the tunable EMSD

4.1. Experimental setup

Experiments are conducted to test the optimization of the
proposed DVA with the tunable EMSD based on the fixed points
theory and reported in this section. To the best of our knowl-
edge, this experiment should be the first attempt to conduct on-
site optimization of a DVA with a tunable damper based on the
fixed-points theory.

The experimental system is built as shown in Fig. 16 to
implement the vibration model in Fig. 2. An non-contact elec-
tromagnetic exciter on the top provides the driving excitation
force with no additional stiffness from the external shaker. A
force sensor is mounted below the exciter to monitor the ex-
citing force input to the dynamic system. Two laser displace-
ment sensors are fixed on the supporting holder to monitor the
respective displacements of the primary system and the DVA.
Four bearings rolling on the smooth glass surface on each side
surface to provide a linear guide with minimum friction to the
moving parts. The top end of the proposed EMSD coil is rigidly
connected to the primary system. The opposing mangets bar is
located in the central hole of the coil skeleton with the pre-
compressed DVA spring support. The tunable electrical resis-
tance is implemented with an 8-bit electromagnetic relay as
shown in Fig. refFig.16. Moreover, the data acquisition system
and signal generation devices are identical to the verification
experiment used in Section 3.3.

4.2. DVA parameters calibration

The parameters of an optimum DVA require accurate and
meticulous calibration based on the fixed-points theory. In prac-
tice, both the frequency and damping ratios can hardly be ad-
justed on-site to the optimum values because both the stiffness
of the spring and the damping of the viscous damper of com-
mon DVA are fixed. This is why the application of DVA is
limited. In this experiment, the frequency ratio of the DVA is
adjusted by changing its mass to achieve the optimum value re-
quired by the fixed-points theory. After tuning to the optimum



primary
system spring
. N

tunable
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Fig. 16. Experimental setup

frequency ratio of the DVA, the optimal damping of the DVA
is achieved through fine-tuning the electrical resistance of the
EMSD circuit.

4.2.1. Parameters identification

According to the fixed-points theory, the optimum frequency
ratio y and damping ratio & in Eq. 12 can be determined once
the mass ratio u is fixed. The mass and the stiffness of the pri-
mary system are assumed to be fixed. The target mass ratio is
firstly set to 0.1 in this experiment, and then the spring stiffness
ky of the DVA can be determined according to Eq. 12. How-
ever, the actual spring stiffness k, can hardly match precisely
the theoretical result in practice. Therefore, it is more practical
to achieve the optimum frequency ratio ¥,pimq as depicted in
Eq. 12 through fine adjustment of the DVA mass m,.

The stiffnesses k| and k, of the selected springs are found
through the force and displacement relationship as shown in
Fig. 17 from compression tests. The blue dots denote the mea-
sured data, and the slope of the red dash line gives the spring
stiffness obtained from linear curve fitting. The measured stiff-
ness of the primary system and that of the DVA are 20.961
N/mm and 1.7213 N/mm, respectively. The target natural fre-
quency is set at around 10 Hz. The mass of coil of the EMSD
should be regarded as part of the primary system mass because
of the connection between the EMSD and the primary system as
shown in Fig. 16. Since the equivalent mass is hard to be mea-
sured, the primary system is identified with natural frequency
measurement. The obtained natural frequency of the primary
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Fig. 17. The spring stiffness determination of (a) primary system and (b) DVA
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system is 10.5Hz through the real-time frequency domain anal-
ysis of the free vibration response as shown in Fig. 18.

With the calibrations above, the parameters of the system
are found and listed in Table 4. However, the mass of the DVA
still requires fine-tuning to adjust the fixed-points to the same
response amplitude in the vibration spectrum of the mass m;.

Table 4 Identified parameters of the experimental system

Item Value
fnl 10.5 Hz
fix 9.552Hz
y 0.9097
ky 20.961 N/mm
ko 1.7213 N/mm
my  4.8159 kg
my 04778 kg
u 0.0992

4.2.2. Fixed-points calibration

The frequency ratio vy is firstly tuned to adjust the locations
of the two fixed-points P and Q in the response spectrum of
mass my, as illustrated in Fig. 19. Since the natural frequency
of the primary system w, and the spring stiffness k, of the DVA
are fixed, the fixed-points can be tuned by changing the DVA
mass mp as shown in Fig. 19 so that the response magnitudes
of the fixed points P and Q are roughly equal. As shown in
Fig. 19, the properly calibrated fixed-points P and Q possess
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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 sweeping speed of 1 Hz/s.

frequency (Hz)

Fig. 19. Calibrated fixed points of the experimental system

The second tuning step is to adjust the damping of the DVA
such that the two fixed-points P and Q in Fig. 19 become the
highest points of the response spectrum of mass M. Three dif-
ferent values of external resistance are selected and their respec-
tive response curves are measured and plotted in Fig. 19. The
intersections of the three response curves at different damping
show the existence of the fixed points P and Q in Fig. 19. The
intersection points are more easily identified with larger differ-
ences among the selected external electrical resistances.

4.3. Results analyses

Once the fixed-points are identified and tuned to have equal
peaks, the primary system response measurement with differ-
ent amount of damping can be conducted by changing the ex-
ternal resistance. The measured response spectra of mass M
with DVA equipped with EMSDs, M, or M, connected to ten
different external resistances are measured and plotted in Fig.
20 respectively. The results show that the optimum DVA is ex-
perimentally achieved when the external resistance is 3Q2 in M4
and 0.5Q in M12 configuration. The tunability or controllabil-
ity of the proposed EMSD can provide robustness to the opti-
mal DVA by compensating the detuning effect of the DVA due
to any changes of the parameters such as additional friction in-
creases or decreases. The results also show that the EMSD with
M, configuration possesses a larger damping tunable range than
the one with M|, configuration, which also confirms the simu-
lation and test results in Fig. 15.

Moreover, the response of primary mass in higher frequency
range above the resonsant frequencies is also measured and
shown in Fig. 21. It can be seen that the minimum vibration re-
sponse of the system is obtained with maximum damping when
the external resistance is 0.
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5. Conclusions

An optimum dynamic vibration absorber (DVA) is designed
and experimentally implemented with tunable electromagnetic
shunt damping (EMSDs) in this paper. The proposed EMSD is
composed of opposing magnet pairs with 180° phase difference
coils configuration. The design allows damping to be tuned
up to its maximum value with a specific number of opposing
magnet pairs, verified by both simulations and experiments. In
particular, the proposed EMSD design has a twelve magnets
configuration which can offer the best damping performance
when they are grouped into four opposing magnets pairs. The
EMSD is applied to provide tunbable damping to a DVA con-
nected to a single degree-of-freedom system. The DVA is tuned
experimentally to its optimum working condition by using the
proposed damper. The tunable EMSDs are shown to be able
to uphold the optimal DVA performance even under external
disturbances.
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