N
N

N

HAL

open science

Passive self-tuning inductor for piezoelectric shunt
damping considering temperature variations

Robin Darleux, Boris Lossouarn, Jean-Francois Deii

» To cite this version:

Robin Darleux, Boris Lossouarn, Jean-Francois Deii. Passive self-tuning inductor for piezoelectric
shunt damping considering temperature variations. Journal of Sound and Vibration, 2018, 432, pp.105-
118. 10.1016/j.jsv.2018.06.017 . hal-02166426

HAL Id: hal-02166426
https://hal.science/hal-02166426
Submitted on 31 Jul 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02166426
https://hal.archives-ouvertes.fr

Passive self-tuning inductor for piezoelectric shunt damping
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Conservatoire national des arts et métiers (Cnam)
292 rue Saint-Martin, 75003 Paris, France

Abstract

Piezoelectric shunt damping offers a passive solution to mitigate mechanical vibrations: the electromechani-
cal coupling induced by piezoelectric patches bound to the vibrating structure allows the transfer of vibration
energy to an electrical circuit, where it can be dissipated in a resistive component. Among the existing pas-
sive piezoelectric shunt circuits, the resonant shunt leads to significant vibration damping if it is tuned with
enough precision. However, temperature may have a strong influence on electrical parameters such as the
piezoelectric capacitance and the circuit inductance. As a consequence, a temperature variation can lead
to a deterioration of vibration damping performance. This paper describes how inductive components can
be chosen to minimize the mistuning of the resonant shunt when temperature evolves. More specifically,
inductors are made of magnetic cores whose magnetic permeability varies with temperature, which coun-
terbalances the variations with temperature of the mechanical resonance frequency and of the piezoelectric
capacitance. Experiments show the benefits of adequately choosing the magnetic material of the inductor
for vibration damping of a cantilever beam. The concept of a fully passive shunt adapting to temperature
variations is hence validated.

Keywords: Passive vibration damping, Resonant piezoelectric shunt, Temperature influence, Magnetic
cores

1. Introduction

The direct and inverse piezoelectric effects allow piezoelectric materials to create an electromechanical
coupling between mechanical and electrical domains. Since the nineties, vibration damping by bonding
piezoelectric patches to lightweight mechanical structures has been studied. The electromechanical coupling
enables transferring part of the mechanical energy to an electrical circuit, where it can be dissipated in a
resistive component. The use of piezoelectric shunts, first proposed by Forward [I], stands as a relatively
simple vibration damping solution. In 1991, Hagood and von Flotow [2] developed the concept of the
resonant shunt, which is the electrical analogue of a tuned mass damper [3], also called dynamic vibration
absorber. Since then, different types of resonant shunts have been developped to damp a single mechanical
resonance [4HT], as well as several resonances thanks to multi-branch shunts [8HIT] or interconnected arrays
of piezoelectric patches [12HI4].

The resonant shunt provides a significant vibration damping around the electrical resonance angular
frequency Q. = 27nf, = 1/ VLC, where f, is the electrical resonance frequency, L is the inductance and C
is the capacitance of the piezoelectric patches. The literature is abundant on techniques to properly tune
resonant shunts [6, T5HI9]. A commonly accepted result is that the electrical resonance frequency should be
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set sufficiently close to the mechanical resonance frequency. The main drawback of this technique is the need
of a precise tuning of the electrical parameters to ensure the performance of the resonant shunt [0, 17, 20} 21].
Temperature is one of the environmental parameters that have a significant impact on the resonant shunt
tuning. Indeed, piezoelectric materials properties vary with temperature [22-24], especially the piezoelectric
capacitance. Then, Park and Han [25] have shown that the degradation of resonant shunts performance
when temperature evolves is mainly caused by variations of both the piezoelectric patches parameters and
the inductance. Niederberger [26] has thus developed an autonomous switching shunt which can adapt to
temperature variations, but the overall damping performance is limited to around 6 dB vibration reduction
with the proposed setup. Other adaptive piezoelectric shunts have been proposed [27], 28], but they are not
autonomous passive solutions since they require external power supply.

The contribution of this paper is the validation of a fully passive resonant shunt that would remain cor-
rectly tuned in case of temperature variations. The resonant shunt is kept tuned by using a variable inductor
that makes the electrical resonance frequency of the system evolve in the same manner as the mechanical
resonance frequency. This principle has been recently proposed in [29], where a nonlinear mechanical sys-
tem is damped with a fully passive but adaptive piezoelectric resonant shunt subjected to variations of the
electrical current. The former principle is here extended to a case where temperature is the main parameter
inducing variation of the equivalent inductance value.

The following section presents an electromechanical model to estimate the influence of temperature on
damping performance of resonant shunts. A tuning condition of the resonant shunt is expressed. Then, the
experimental setup is described in section [3] In the same section, the evolution with temperature of the
mechanical resonance frequency and the piezoelectric capacitance are measured from room temperature to
around 60 °C. As a consequence, inductive components, made by winding turns of conductive wire around
magnetic cores, are designed by taking into account the temperature characteristics of the cores magnetic
permeability. The influence of the air gap on the inductance value is highlighted, and the resulting inductive
components are then characterized when subjected to temperature and electrical current variations. Finally,
in section [} practical validation in forced vibration at different temperatures is performed. Experiments
highlight that it is possible to counterbalance the variations with temperature of the mechanical resonance
frequency and of the piezoelectric capacitance with inductance variations, and so to mitigate the influence
of temperature on damping performance. When the magnetic material of the inductor is adequately chosen
to satisfy the tuning condition, the damping performance of the resonant shunt is maintained from room
temperature to around 50 °C.

2. Electromechanical model for piezoelectric shunts

An electromechanical model of the shunted vibrating structure is derived from the governing equations
of piezoelectricity. The case of the resonant shunt is studied, and the importance of its tuning is highlighted.
The influence of temperature on the tuning condition is then expressed from linear variations of the involved
quantities.

2.1. Governing equations

The piezoelectric effect allows some materials under stress to produce a potential difference between
their electrodes. Conversely, these materials get under stress when subjected to an electrical field. These
are called the direct and inverse piezoelectric effects, respectively. The 3D governing equations of the
piezoelectric materials behavior is given in [30] by

E
€ij = SijkOki + dkij B,
D; = digiow + €5, B,

(1)

where €;5, ok, i, and D; are the strain, stress, electrical field and electrical displacement variables, respec-
tively. The 55 wls €7 and d;i; constants are the elastic compliance under constant electrical field, the electric
permittivity under constant stress, and the piezoelectric constants which represent the electromechanical
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Mechanical quantity Electrical quantity
Force — Voltage
Velocity <—  Electrical current
Compliance —> Capacitance
Mass —> Inductance
Viscous damping — Resistance

Table 1: Direct electromechanical analogy.
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Figure 1: Equivalent electrical model of a piezoelectric transducer.

coupling, respectively. Under the assumption of a transverse isotropic piezoelectric material being polarized
in the '3’ direction and free in the other directions, Eq. is simplified as

E
€11 = 811011 + d31 B3,

_ o (2)
D3 = dzi1011 + €53 E3.

A thin patch of length I,, width b, and thickness h, is considered. The electrical field is supposed
constant along the polarization direction, thus E3 = —V/h,, where V is the voltage between the two
electrodes of the patch. In the case of a one-dimensional mechanical model, if the considered wavelength
is large enough compared to [, the strain can be assumed uniform along the patch and expressed with
the displacement U in the longitudinal direction by the relation 1, = U/l,. We define ¢, as the electric
charge on an electrode, and IV, as the normal force applied to the patch. The electric charge g, is linked
to the electrical displacement by ¢, = —Il,b,D3. The longitudinal stress o;; is supposed uniform along the
cross-section hpbp, so the normal force is N, = 011hpb,. Hence, Eq. can be transformed in

Ny, =KFU — eV,

. (3)
a0 = CpV + e,

with Kf the patch stiffness at constant electrical field, e, the longitudinal coupling coefficient, and C7 the
piezoelectric capacitance at constant strain, defined by:

hpb b,ds1 dZ\ 1,b
KE _ 'p”p _ _’p s = o _ 231 ﬁ. 4
P lpsﬁ’ @ 5{31 , P <633 5£E1 hy @

The equivalent electrical circuit of the system in Eq. can be derived from an electromechanical analogy
(see Table . This analogy is called direct electromechanical analogy [31), 32], and leads to the equivalent
electrical circuit in Fig. |1} The coupling coeflicient e, highlights the electromechanical coupling and is analog
to a transformer ratio. If e, = 0, then the mechanical and electrical parts of the system are uncoupled and
no energy transfer happens.

In the case of a piezoelectric patch covering a vibrating structure, it is assumed that the normal force N
and the electric charge ¢ are still linear combinations of U and V. The corresponding global constants are e,
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which is the coupling coefficient, K7, which represents the stiffness of the structure when the piezoelectric
transducer is short-circuited (i.e. when V' = 0), and C¢, which represents the piezoelectric capacitance when
no structural displacement occurs (i.e. when U = 0). These global constants take into account the whole
system, and not only the mechanical properties of the piezoelectric transducer. The one-dimensional model
of the piezoelectric patch bound to a vibrating structure is then:

N = KPU — eV,

5
q=CV +el. (5)

To study the vibration damping around a single resonance, the mechanical vibrating system to which the
piezoelectric patch is bound is modeled as an undamped one degree-of-freedom system. The structural
damping is not taken into account, since it has little influence on the shunt performance in the case of a
a slightly damped structure and a large enough coupling factor [6]. If m is the mass and F' the excitation
force, the system dynamics is expressed by

mU = F — N. (6)
Combining Eq. and Eq. @ gives

ml + KPU = F + %q, (7)

with KP = K¥ + ¢2/C® the stiffness in open-circuit (i.e. when ¢ = 0). Eq. highlights on its left side
the equivalent mechanical parameters of the structure, and on its right side the external forces applied to

it. The mechanical representation of this model is given in Fig. 2] We then define the mechanical resonance
angular frequency in open-circuit 2o, the mechanical resonance angular frequency in short-circuit 2g and

the coupling factor k:
[KD [KE [02 — 02
Qo =1/ — Qg =4/ — =25
© m’ S m’ e 02 (®)

In the case of a sinusoidal excitation at angular frequency €2, Eq. @ becomes

()

If the piezoelectric patch is now connected to a Z impedance, Ohm’s law is

v Lpy ke )
KD T eir et

so using Eq. the transfer function between the displacement U and the electric charge ¢ is calculated:

q e

U~ 1+j0C:2 (11)

where j> = —1. In the end, combining Eq. @ and Eq. allows to define the dimensionless transfer
function between the displacement and the excitation:

U 1+jQCZ

F/KD ~ 2 , 2
/ {1 - (%) } (1+i00°2) - 124

(12)

The equivalent electrical model of the shunted structure is obtained by using the analogy presented in
Table The equivalent circuits of the piezoelectric transducer, the mechanical structure and the shunt
impedance, are derived from Eq. (5)), Eq. (6) and Eq. (10), respectively. The equivalent electrical circuit of
the electromechanical system is represented in Fig. [3]
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Figure 2: Equivalent mechanical model of the shunted structure.
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Figure 3: Equivalent electrical circuit of the shunted structure.

2.2. Resonant shunt damping

In the case of resonant shunt damping, the impedance is Z = R + jQL with R a resistance and L an
inductance. The transfer function in Eq. then becomes

= el il (%)2 (13)

F/KD O 2 .t Q 2 k2 ’
[1_ (%) } {1+2J562e9_ (STS) ~ THRZ

with €2, the electrical resonance angular frequency and &, the electrical damping defined by

1 R [C¢
Q= , e =/ —. 14
o =5\ (14)

As previously stated, the literature is abundant on the study of resonant shunts and methods to tune the
electrical resonance frequency and electrical damping. Considering the transfer function criterion presented
in [6], the optimal values of these parameters are defined as follows:

(Qe)opt = Qo, (fe)opt = \/gkc' (15)

The frequency response function (FRF) in Eq. is plotted in Fig. Variations of the electrical
damping &, are not shown, as its influence is small compared to 2, variations [6l 17, 21, 25]. The plotted
FRFs highlight that the resonant shunt needs to be finely tuned to offer a significant vibration reduction
around the mechanical resonance, as a detuning of 10 % between Q. and Qo can add up to 12dB to the
transfer function peak. The damping performance would then be significantly reduced.

2.3. Influence of temperature

In order to maintain the resonant shunt performance, the electrical resonance frequency should stay equal
to its optimal value in any situation. The evolution with temperature of the mechanical system is given
data, since we suppose the structure is designed before any vibration damping considerations. Furthermore,
the evolution with temperature of the piezoelectric capacitance is supposed known as it directly depends on
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Figure 4: Displacement FRF around the resonance for kc = 0.12 and & = ({C)Opt.

the permittivity €35 of the considered material, so it cannot be modified once the piezoelectric transducers
are selected and bound to the structure. That makes the inductance the quantity to be controlled to keep
the resonant shunt tuned. If temperature T is not constant, the tuning condition on the inductance of the

resonant shunt becomes 1

0% (T)C=(T)’
We assume that the mechanical resonance angular frequency Q2o and the piezoelectric capacitance C¢ evolve

linearly with temperature from room temperature Ty, which is 22 °C in our case, to 60 °C. The associated
temperature coeflicients are noted aq, and ace, respectively. Hence

Q0o (T) = Qo (To) [1 + age (T' = To)],
C* (T) =C* (To) [1 + ac- (T — To)] .

The tuning condition now becomes

L(T) =

L(T) = (16)

(17)

L (Tp)
[1+ aqo (T = To)* [1 + ac- (T — Tp)]’

with L (Ty) = 1/ (23 (Ty) C* (Tp)). Assuming quantities o (T — Tp) are small compared to 1 in the 20 °C-

60 °C range (i.e. ac- and ag, < 25- 10*3K71), a linear approximation of Eq. shows that the evolution
with temperature of the inductance should be

L(T) = L(To) [1 + ar (T = To)], (19)

with the temperature coefficient «;, defined by:

(18)

ar = — (2aq, + ace). (20)

In the case of active and adaptive resonant shunts, these parameters variations can be taken into account
and the electrical resonance frequency can be adjusted via the equivalent inductance value. However, in
the case of fully passive damping, the shunt mistuning could become important. The goal is then to design
a passive inductive component which satisfies Eq. , allowing the resonant shunt to stay tuned over a
predefined range of temperature.

3. Effects of temperature variations

Vibration damping of a cantilever beam is now considered. The evolutions with temperature of the me-
chanical resonance frequency and the piezoelectric capacitance of patches bound to the beam are measured.
The design of the inductive components is discussed, and two different magnetic materials are chosen for
further investigations. Their characteristics are then compared to datasheets provided by magnetic core
manufacturers.



Length | Width | Thickness
Part
(mm) (mm) (mm)
AU4G Beam 170 25 2
PZT Patches 25 20 0.5

Table 2: Beam and piezoelectric patches dimensions.

Figure 5: Experimental setup without the thermal chamber.

3.1. Ezxperimental setup

In the experiments, bending vibrations are produced by placing at the free end of an aluminium beam a
magnet subjected to an alternating magnetic field, which is generated by a nearby solenoid. The excitation
system has been described in [6]. The displacement is then measured at the free end with a laser vibrometer.
Two shunted piezoelectric patches have been fixed with the same poling directions at the beam clamped
end. The aluminium beam is connected to one electrode of each piezoelectric transducer on one hand, and
to the electrical ground on the other hand. The setup is shown in Fig. Dimensions of the beam and
patches are given in Table As represented in Fig. [f] the electromechanical system is then placed in a
thermal chamber, which is heated by a heat gun. The thermal chamber is actually a nearly fully closed
cardboard box. All measurements are performed in steady thermal state with an infrared thermometer.

For practical reasons related to inductive components production and magnetic materials availability,
the second bending mode at 322 Hz has been selected for this study. The evolution with temperature of the
mechanical resonance angular frequency 0o in open-circuit is represented in Fig.[7] The identified tempera-
ture coefficient is aq, = —0.5- 103K ™!, For the sake of comparison, it can be noted that this temperature
coefficient is in good agreement with the work of Park and Han [25]. For example, the temperature coeffi-
cients from 20 °C to 80 °C of the Young’s moduli of the aluminium beam and the piezoelectric material are
—0.6-1073K ! and 0.06- 103K ™!, respectively. These temperature coefficients would lead to a same order
of magnitude for aq,, as the one we measured.
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Figure 6: Sketch of the experimental setup inside the thermal chamber.
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Figure 7: Evolution with temperature of the mechanical resonance angular frequency in open-circuit divided by its value at
room temperature.
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Figure 8: Evolution with temperature of the piezoelectric patches capacitance divided by its value at room temperature.



3.2. Piezoelectric capacitance

The piezoelectric capacitance evolves with temperature. As to avoid detuning of the resonant shunt, the
PIC 151 PZT material has been selected since its characteristics evolve with temperature at slowest rates
among the available PI materials [33]. Once glued onto the beam, the two patches are connected in parallel
and their capacitance is measured at various temperatures with an LCR-meter. As explained by de Marneffe
and Preumont in [34] [35], the impedance of the structure can be observed through a dynamic capacitance
whose poles and zeros correspond to the mechanical resonances in short-circuit and open-circuit, respectively.
The capacitance C* for the second bending mode has to be measured between the second bending mode at
322 Hz and the third bending mode at 889 Hz. The choice is made to define the capacitance at the mean
value of these frequencies. Hence, its measured value at room temperature is 38.3 nF.

As illustrated in Fig. [8] the capacitance increases by 12 % from 22°C to 60°C. It is in agreement with
available datasheets from the material manufacturer, though a remaining difference is visible in Fig. 8] This
difference can be attributed to three main causes. Firstly, experimental parameters, such as the excitation
frequency, are not reported in datasheets and so could differ from the ones used in the present experiments.
Secondly, a temperature increase might soften the adhesive layer between the beam and the patch, affecting
the equivalent value of the piezoelectric capacitance. Finally, variations of the beam mechanical parameters
have an effect on the piezoelectric capacitance because of the electromechanical coupling, and for this reason
affect its measurement as well.

For this work, the considered linear regression coefficient is avce = 3.1- 103K ™', In [25], Park and Han
used a temperature coefficient of 5.44 - 107K~ from 20°C to 80°C, which is the order of magnitude of
other PZT materials characteristics [33].

3.3. Design of passive inductors

Passive inductors are made by winding N turns of conductive wire around magnetic cores of relative
permeability pu.. Making inductors this way allows for high inductance and low resistance values, which fits
the usual requirements of optimal electrical parameters of resonant shunts. The design of such inductors for
piezoelectric shunt damping was first detailed in [36]. The geometry of cores is characterized by the effective
cross-sectional area A, and by the effective magnetic path length [.. Denoting the vacuum permeability as

1o, the inductance is given by

Ae
L :,ue,ugl—NQ. (21)

To keep the resonant shunt tuned when temperature rises, it has been shown in Eq. that the induc-
tance L has to evolve in opposition to the mechanical resonance frequency and the capacitance variations.
The main evolution with temperature in Eq. is due to the relative permeability ., so the tempera-
ture coefficient o, of the relative permeability should be equal to . Several ferrite materials from the
same manufacturer have been compared and their temperature characteristics from datasheets are plotted in
Fig. @ This graph can be used to estimate «,, of the final inductive component. Concerning the magnetic
core, the E 16/8/5 core geometry from Epcos TDK has been selected as it provides several different ferrite
materials for practical comparison.

The T46 material has first been selected as it is the only ferrite material in E 16/8/5 core geometry whose
relative permeability decreases when temperature increases. The associated temperature coefficient in the
[20°C-60 °C] temperature range is estimated at (a,,)p,, = —9.1-1073K™*. According to the definition
of the electrical resonance angular frequency in Eq. (14) and since (c, )y, + ace < 0, using the T46
ferrite material for the inductor should lead to a shift of the electrical resonance to higher frequency. For
comparison, the N27 material has also been selected as its relative permeability increases with temperature.
The associated temperature coefficient is estimated at (o, )yy; = 12.1 - 1073K~*. Using the N27 ferrite
material should lead to a larger mistuning of the resonant shunt because of a shift of the electrical resonance
to lower frequency when the system is heated.

In [25], the temperature coefficient used for the inductance is 0.05 - 103K~ 1. Tt is calculated by taking
into account the evolution of the synthetic inductor components with temperature. As this value is nearly
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Figure 9: Relative permeability evolution with temperature of available ferrite materials in E 16/8/5 core geometry, extracted
from datasheets.

Ferrite | Q./27 | C° L A, le 140 N
material | (Hz) | (nF) | (H) | (mm?) | (mm) | (Hm™?) He
N27 _7 | 1410 | 2600
TAG 322 38.3 | 6.38 20.1 37.6 | 47 x 10 =590 | 1120

Table 3: E 16/8/5 core geometry and ferrite materials specifications.

31Ul'l'['l'l'l'l"'l'f'l‘l’['l‘l'l'l']‘l'I'I'l'|'l'ﬁl'l']‘l'l'l'l'|'|‘I‘I'l"'l‘l‘I'!W
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Figure 10: Produced inductive components. On the left: T46 ferrite material, 1120 turns, 0.1 mm wire diameter. On the right:
N27 ferrite material, 2600 turns, 0.05 mm wire diameter.

a hundred times smaller than the ones used and measured in our work, the shunt detuning occurring in [25]
is mainly owned to a variation of the piezoelectric capacitance.

Based on material and geometry characteristics, as well as values of C¢ and f,, the number of wire

turns is computed thanks to Eq. (14) and Eq. . All values are summed up in Table [3| The inductive
components are shown in Fig. [I0]

3.4. Air gap influence

It is experimentally noticed that the measured inductance value Loy, at 322 Hz is below the target value
of 6.38H (see Table . A reason for this difference is the discontinuity of the magnetic core, and more
precisely the small air gap remaining between the two core parts which has a prime importance on the
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Ferrite N Lexp )
material (H) | (um)
N27 2600 | 6.14 1.1

T46 1120 | 5.69 | 0.6

Table 4: Air gap of magnetic components.

Figure 11: Side view of the E 16/8/5 core geometry with an air gap of length ¢, with magnetic field lines and windings
represented.

inductance value. Taking the air gap into account, the electromagnetic circuit is represented in Fig. As
a consequence, the measured inductance value Leyyp, is

N2
Loyp = ———, 22
p §R1 + §R2 ( )
where R; and Ry are the magnetic reluctances of the magnetic core, defined by
le—90 6
R =, Ry = ——, 23
! PeftoAe ? poAe (23)

where § is the air gap length. If § = 0, the inductance value is the same as in Eq. (21). Knowing N, a
measurement of Ly, at 322 Hz and the coil characteristics, one can estimate the air gap from Eq. (see
Table E[) An equivalent permeability pieq can then be defined writing

lepte

:le‘i‘(s(/j'e_l)' (24)

Heq

Equation shows that variations of p. caused by environmental parameters are attenuated as the
air gap increases. Once the air gap is estimated, its value can be used to update datasheets, such as those
represented in Fig. [0

3.5. Temperature and electrical current characteristics

The components are then characterized in temperature and electrical current with a LCR-meter at
322 Hz. Dependence to the electrical current is also of primary importance because the inductance generated
by conductive wires wound around a ferromagnetic core is generally dependent to the circulating electrical
current. This effect was reported by V.E. Legg [37]. In the case of piezoelectric shunt damping, Eq.
shows the electrical current is generated by vibrations of the mechanical structure, knowing the electrical
current is i = ¢ = jQq for sinusoidal excitation at angular frequency 2. The combined effects of temperature
and sinusoidal electrical current of amplitude i at 322Hz are illustrated in Fig. [[2 and Fig. [I3] Testing
values of electrical current are chosen to assure the LCR-meter works in its operating range.
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Figure 12: Influence of temperature for various electrical currents (a) on the N27 ferrite-based inductor and (b) on the T46

ferrite-based inductor.
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Figure 13: Influence of electrical current for various temperatures (a) on the N27 ferrite-based inductor and (b) on the T46

ferrite-based inductor.

Concerning the N27 ferrite-based inductor:

e In Fig. it is shown that the N27 ferrite-based inductance evolves with temperature in agreement
with data from core manufacturers. The updated datasheet that takes the estimated air gap into
account predicts the inductance evolution quite well, even though it is noticeable that the air gap has

little influence on it.

e In Fig. it is shown that the N27 ferrite-based inductance does not increase with electrical current
as much as datasheets imply, even when taking the remaining air gap in the component into account.
A reason for such a difference is the testing frequency being 322 Hz, as magnetic components are
usually characterized at several kHz. We noticed at room temperature an increase of the inductance-
current characteristic slope with testing frequency. Compared to the test made at 322Hz in Fig. [I3]
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the slope at 5kHz is around two times larger and therefore much closer to the available datasheet.
Besides, it is noticed that the inductance characteristics seem independent from each other, since
plotted data are just shifted from one another when temperature evolves. There is no obvious coupling
between temperature and electrical current influences on the component, which makes its evolution
with temperature easier to predict with datasheets.

Concerning the T46 ferrite-based inductor:

e In Fig. it is shown that the T46 ferrite-based inductance decreases only for temperatures from
22°C to 40°C at low current levels. This evolution is roughly anticipated by the available datasheet,
but the local temperature coefficient in these conditions is estimated at o = —4.5 - 103K ™!, which
is closer to ace than the value anticipated in subsection That means the resonant shunt should
not get as much mistuned in this case as with the N27 ferrite-based inductance when temperature
evolves. However, the mistuning should be worse for larger excitations, as the inductance does not
even decrease from 22°C to 40 °C, before significantly increasing above 40°C. A coupling between
temperature and electrical current influences is thus noticed.

e In Fig. it is shown that below 42 °C, inductance-current characteristics cross around 40 pA. Under
40 pA and 42 °C, the inductance decreases when temperature rises, which represents the identified zone
with a negative ay, in Fig. For a current above 40 pA, the inductance rises with the temperature.
This graph confirms there is a strong mutual dependence of temperature and electrical current effects
on the T46 ferrite-based inductance. Unfortunately, no datasheet from core manufacturers is available
for comparison.

The mutual dependence of temperature and electrical current influences on the inductance value is
significant for the T46 ferrite-based inductor, and negligible for the N27 ferrite-based inductor. A deeper
study would be required to explain and forecast this coupling effect, as available datasheets are not sufficient.
This practical characterization shows nonetheless that we can benefit from the T46 ferrite-based inductance
decrease at low temperatures and low excitation levels to counterbalance part of the piezoelectric capacitance
increase with temperature.

4. Vibration damping of a clamped beam

Two ferrite materials have been chosen to make inductive components dedicated to vibration mitigation
of the second bending mode of a cantilever beam. The objective is now to compare the evolution with
temperature of vibration damping offered by resonant shunts made with these two components. The exper-
iments are conducted at low excitation levels to take advantage of the T46 ferrite-based inductance decrease
spotted in Fig. The damping performance of the resonant shunt is tested using the experimental setup
described in Fig. [f]and Fig.[f] The resistance value is deliberately tuned at room temperature to be smaller
than theoretical values of reference tuning methods [6l, [15HIS], as it allows better perception of shunt tuning
evolutions.

The model developed in section [2|is represented by Eq. . A mechanical damping &, is added to this
model, as it better fits with the transfer function of the experimental system in open-circuit. The optimal
electrical parameters defined in Eq. are supposed correct, as &, is small compared to the electrical
damping &, [6]. Furthermore, the data acquisition setup considers the electrical current in the solenoid as
the excitation, rather than the dimensionless force applied at the free end of the beam. Since these two
quantities are supposed proportional, a constant gain G* is added to the model as well. Hence the model
becomes:

* : Ee Q 2
U G {1 +250 - (ﬁ) ] o
5 .
T Teama () ] [reuga- (2)] -
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Figure 14: Open-circuit experimental and model FRFs at room temperature.

Ferrite 1 Qo/27 ¢ Qe /27m ¢ G*

material ¢ (Hz) m (Hz) ¢ (dB)
N27 2.9-1073 | 3254 | 5.0-1072 | -146.1
T46 0121 3221 2.7-1073 | 324.1 | 3.4-1072 | -144.0

Table 5: Parameters used in the model of Eq. for piezoelectric shunts using N27 and T46 ferrite-based inductors.

Six model parameters have to be identified. The coupling factor k. has been measured using Eq. .
Since the one degree-of-freedom mechanical model cannot predict the antiresonance near 285 Hz, the fitting
interval is set as [315 Hz-350 Hz]. The mechanical resonance angular frequency Qo and structural damping
& are defined by fitting the open-circuit measured and model FRF's by a least squares method. The result of
this fitting is shown in Fig. Then, the electrical resonance angular frequency (., the electrical damping
& and the gain G* are defined by fitting the shunted system FRF at room temperature with the model in
Eq. by a least squares method. All identified quantities are given in Table

Finally, temperature behavior models extracted from preliminary tests (see Fig. |7 Fig. [8| and Fig.
are used to compute the theoretical transfer function at different temperatures. The comparison between
measured and computed transfer functions is made in Fig. [15|and Fig.

Concerning the resonant shunt damping with a N27 ferrite-based inductor (see Fig. :

e In experimental results, it is shown the temperature has a significant effect on the damping perfor-
mance. The resonant shunt gets mistuned as soon as temperature rises, as the peak initially at 340 Hz
shifts to lower frequency and increases of around 11 dB from 22 °C to 61 °C. This is in good agreement
with a decrease of the electrical resonance frequency with temperature, induced by the increase of
both the piezoelectric capacitance and the inductance seen in Fig. [§| and Fig.

e The developed model predicts the shift to lower frequency of the initial peak at 340 Hz. Its amplitude
is however not well estimated, as it increases of around 18 dB. This difference can be attributed to
two main causes. On one hand, the evolution with temperature of the other model parameters, such
as the electrical damping &, and the coupling factor k., are not taken into account. While not having
a strong influence on the tuning of the resonant shunt, they have an effect on the overall damping
performance [6]. On the other hand, the one degree-of-freedom mechanical model cannot predict the
experimental antiresonance near 285 Hz initially, which influences the results [19].
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Figure 15: (a) Experimental and (b) model transfer functions at different temperatures with a N27 ferrite-based inductor in
the resonant shunt.
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Figure 16: (a) Experimental and (b) model transfer functions at different temperatures with a T46 ferrite-based inductor in
the resonant shunt.

Concerning the resonant shunt damping with a T46 ferrite-based inductor (see Fig. :

e The temperature has a significant effect on the damping performance in this case as well. However, the
shunt mistuning only occurs above 51 °C, which means the decrease of inductance with temperature
for low levels of excitation seen in Fig. [I2] can be used to counterbalance the increase of piezoelectric
capacitance. In the end, the shift of the initial peak at 340 Hz leads to an attenuation deterioration of
around 5dB at 61 °C, as the inductance increases greatly above 40 °C.

e The developed model predicts the shift to lower frequency of the initial peak at 340 Hz as soon as
temperature rises. At 61 °C, the peak has increased of around 15 dB, which is far from the measured
increase of 5 dB. It seems the experimental shunt tuning benefits from a clear decrease of the inductance
value, as it has initially been predicted in Fig. [9] while the inductance seems not to increase as much
as when tested alone above 42°C (see Fig. . The strong mutual dependence of temperature and
electrical current effects on the inductance make difficult the prediction of the shunt performance based
on Fig.[12]and Fig.[I3]alone, as the experimental excitation is a white-noise signal. Finally, the observed
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differences between experimental and modelling results could also be explained by the same reasons
invoked for the differences seen in Fig. : variations with temperature of other model parameters,
as well as the approximation resulting from of the one degree-of-freedom mechanical model.

In both cases, knowing the temperature characteristics of inductive components from datasheets and
direct measurements does not lead to efficient prediction of performance. A further study could use a
frequency-sweep excitation at fixed amplitude to limit the effect of the current-temperature mutual de-
pendence. However, it has been shown that using a T46 ferrite-based inductor helps mitigating the shunt
detuning when temperature changes. A notable mistuning occurs only above around 50 °C, while mistuning
occurs as soon as temperature rises in the case of a shunt made with a N27 ferrite-based inductor. For this
reason, there is a real interest in adequately choosing the ferrite material of the inductive component to
make a fully passive adaptive resonant shunt.

5. Conclusions

In this paper, the objective is to design a passive self-tuning resonant shunt considering temperature vari-
ations. A tuning criterion is derived from an electromechanical model of the vibrating structure connected
to a resonant shunt. Since the mechanical resonance frequency and the piezoelectric capacitance variations
with temperature are considered as input data, the design parameter is the evolution of the circuit induc-
tance with temperature. The inductors are designed so that the variable permeabilities of the magnetic
cores counterbalance the mechanical resonance frequency and the piezoelectric capacitance variations. A
practical investigation on the second bending mode of a cantilever beam is performed. After evaluating
the temperature coefficients of the mechanical resonance angular frequency and the circuit capacitance, a
magnetic core geometry and two ferrite materials are selected for the inductor. For the sake of comparison,
these two ferrite materials are chosen with opposite temperature variations of their relative permeabilities.
In the end, experiments are conducted to prove the interest of designing an inductor with an adequate fer-
rite material. The concept is validated since the resonant shunt tuning is maintained from 22 °C to around
50 °C with one of the produced inductor, while this is not the case with the other one. Hence the ferrite
material should be selected according to the circuit capacitance and the mechanical resonance frequency
variations. While the defined temperature range was from room temperature to 60 °C for practical reasons,
the approach would have been the same at lower or higher temperatures with different ferrite materials.

The design of a fully passive and adaptive resonant shunt on a larger temperature range would require
predictive models of electrical components temperature behavior. However, it has been remarked that our
design conditions do not always match with testing conditions of data from manufacturers. Furthermore,
characterizations of the obtained components show that a strong mutual dependence of temperature and
electrical current characteristics may happen. This could prevent the passive adaptive tuning of the resonant
shunt from happening if the mechanical excitation varies too much, and it also makes the shunt performance
harder to predict. A solution would be to consider both temperature and excitation amplitude as environ-
mental parameters that may cause a mistuning of the resonant shunt. The design of the inductor would
then have to involve both temperature and magnetization characteristics of the considered ferromagnetic
materials.
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