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Abstract

One of the most basic problems with testing components in the vibration laboratory involves the discrepancy in
boundary conditions between the laboratory and field environments. Boundary impedances that a component experiences
when mounted in the field are usually quite different from those of traditional vibration test fixtures. These discrepancies
can have dramatic effects on component response and therefore, the outcome of the vibration test. Simulation of field
boundary conditions can be difficult because of the stochastic and time varying nature of some boundary impedances.
A test fixture whose impedance can be continuously varied would be valuable in both qualification and modal-type testing.
Similarly, a device that could mimic component impedance for purposes of test machine calibration would be of significant
value. This paper develops the concepts necessary to implement variable impedance devices using electrically shunted
piezoelectric and magnetostrictive transducers. Linear transducer models are developed and validated through
experimentation. Practical considerations such as nonlinear transducer behavior are discussed.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The accurate simulation of the shock and vibration environments is of great interest at Sandia National
Laboratories. Of particular interest is the simulation of these environments for components of larger, complex
systems. When a component is removed from a larger system for testing, attention must be given to the
impedance” of the boundary conditions at both the system level and during the component-level test to ensure
that the test objectives are met [1].

The response of components under dynamic loading can be quite sensitive to the boundary conditions
imposed. Input forces, failure modes and force-response relationships are all affected by the boundary
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’In mechanical systems the term “impedance” strictly refers to the complex ratio of output force to input velocity as a function of
frequency. With a slight abuse of terminology, in this work the term impedance is loosely taken to mean any of the various input—output
relations.
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Nomenclature sP compliance at electric displacement
SE compliance at constant electric field

A area N compliance at constant magnetic field

B magnetic flux intensity s’ compliance at constant current

C; capacitance of shunt circuit (F) t thickness (m)

(08 capacitance of piezoelectric transducer (F) T transduction coefficient (V s/m)

D electrical displacement (Coulombs/m?) T e transduction coefficient (N/A)

d piezoelectric charge constant (Coulombs/N) U, electrical energy

E electric field (V/m) U, mutual energy

F force U, elastic energy

H magnetic field v velocity

1 current V voltage

K figure of merit Y. electrical admittance

L length (m) Y, mechanical admittance

L; inductance of shunt circuit (H) Z, electrical impedance

L, inductance of magnetostrictive transdu- Z,, mechanical impedance

cer (H) Zysc boundary mechanical impedance

N number of coil turns € strain

q piezomagnetic coefficient u’ constant stress permeability

R resistance (€2) o stress (Pa)

R transduction coefficient (m/s V) 10) magnetic flux

R,e transduction coefficient (A/N) & constant stress dielectric coefficient

S8 compliance at constant magnetic flux

conditions imposed on the component. To further complicate matters, many aerospace components
experience time-varying boundary conditions. These effects are of great importance in both qualification
tests and structural experimentation, such as model validation tests. When a high fidelity simulation of
the system-level environments is desired, the boundary conditions during component-level testing must be
well-controlled.

There are generally two approaches when accounting for component boundary conditions. With recent
advances multiple-input, multiple-output (MIMO) controllers can be used to drive actuators and enforce
prescribed boundary conditions. Yet on all but the simplest structures the number of degrees of freedom at the
component boundaries is prohibitively large and some degrees of freedom will be necessarily be controlled
passively by the impedance of the test fixturing alone. Further, complete measurements of the field motions at
test control points are quite rare. Active control would require some knowledge of these motions. It may be
more practical in some cases to replicate the impedances acting at the component boundaries and enforce the
test specification using a traditional, single-exciter configuration. It is exactly how the uncontrolled degrees of
freedom are treated that is the primary motivation of this work.

In some cases passive simulation of the component’s boundary conditions may be achieved by using a
section of the next-assembly as the test fixture. This was essentially the approach of Scharton [2]. Scharton’s
method involved using a test fixture that matched the desired boundary conditions in average sense. The
average impedance was defined by using equivalent infinite plate impedance, modal density and peak-to-valley
ratio. The results using these ‘multimodal’ test fixtures showed promise by reducing over-test as well as the
input force required to conduct the test.

Use of flexible test fixtures, such as those described by Scharton [2], has recently been explored and
implemented at Sandia for certain sensitive components. These fixtures generally copy the geometry of the
next-assembly over a characteristic length. This approach is limited in utility for several reasons. These fixtures
can be quite expensive to machine and with evolving designs may be outdated before the test can be
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conducted. Also, traditional test fixtures with fixed geometry cannot take into account the stochastic nature of
component boundary conditions. Further, they cannot address time-varying boundary conditions. A test
fixture whose impedance could be tailored to match desired impedance functions and whose impedance could
be easily adjusted would have enormous advantages over ordinary test fixtures.

In a similar scenario, where the ability to replicate a desired mechanical impedance would be of great use, a
shock or vibration test machine must be calibrated prior to testing a component, but the component is
unavailable for use in the calibration tests. This occurs frequently for high-value test items. In this case, it is
desired to replicate the impedance of the component with a surrogate device so that the test setup may be
validated prior to exposure of the high-value test article.

The goal of this work is twofold. First, it aims to enhance component-level test fidelity by improving the
match between the impedance of the test fixture and that of the component’s next-assembly at the degrees of
freedom not controlled by the vibration test exciter. Second, it provides a means for simulating component
impedance for the purposes of test setup calibration and validation. As this work demonstrates passively
shunted, electromechanical transducers show promise for both these applications.

The use of shunted piezoelectric devices has been extensively explored for vibration attenuation [3—7]. The
essence of these efforts is to convert mechanical energy to electrical energy using the piezoelectric material and
then dissipate this energy through resistive elements. Resonant shunt circuits are designed to maximize the
dissipated power in the desired frequency bands. Similar to piezoelectric materials, the mechanical properties
of magnetostrictive materials are a function of magnetic boundary conditions. Magnetostrictive materials
have been predominately explored for use in actuator applications [8,9] and less extensively for sensor
applications [10]. Very few researchers have investigated the use of passively shunted magnetostrictive
transducers for damping applications [11].

If instead of targeting dissipation of vibrational energy we design resonant shunt circuits to achieve the
desired stiffness and inertia as functions of frequency we can use electromechanical transducers to mimic
desired mechanical impedance functions. The work by Davis et al. [12] demonstrated the use of capacitively
shunted piezoelectric devices for vibration suppression through use of a resonant absorber configuration. No
previous study could be found that examined the use of electromechanical transducers for simulation of
mechanical impedance functions in test fixture or test calibration applications.

Shunted electromechanical transducers can be constructed to have multiple resonances within the
range of most aerospace vibration tests. These resonances can be adjusted and tuned by adjusting the v
alues of the shunting electrical components, often with the twist of a knob. This allows the replication of
complex, multi-modal impedance functions that can be adjusted to accommodate evolving designs
or time-varying boundary conditions. Further, the cost of constructing such devices can be far less than
traditional high-fidelity mock-ups of either components or their boundary constraints. These qualities make
shunted electromechanical transducers an attractive opportunity for developing advanced dynamic test
fixturing.

This paper develops the concepts necessary for constructing shunted electromechanical transducers that can
be used to tailor the boundary impedances of high-fidelity vibration test fixtures for use in dynamic test
calibration. The equations governing the mechanical impedances of such devices are derived by starting with
the constitutive equations for piezoelectric and magnetostrictive materials. Concept validation is achieved
through the modeling, construction and testing of such devices.

2. The electromechanical transducer model

By definition, transducers convert energy from one form to another. Electromechanical transducers convert
electrical energy to mechanical and vice versa. The electrical and mechanical properties of the transducer vary
with the mechanical and electrical boundary conditions. For instance, the magnetic permeability of
magnetostrictive materials is known to vary with mechanical boundary conditions. In general, both a blocked
permeability (the permeability observed when the transducer is prohibited from straining) and a free
permeability (the permeability under zero load) are defined. By extension, it is not difficult to imagine that
the permeability also varies with frequency as both strain and force vary with resonant mechanical boundary
conditions. The goal of this work is to develop a transducer model that accounts for these electromechanical
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interactions. Regardless of the specific construction or physical materials employed, Hunt [13] gives the
canonical form the governing equations of an electromechanical transducer as

V Ze Tem 1
U=l 2t »

Tme Zﬂ’l
where V is the voltage across the electrical terminals of the transducer, F is the force developed across its
mechanical terminals, [ is the current flowing through the electrical terminals, v is the relative velocity across
the mechanical terminals, Z, is the blocked (zero motion) electrical impedance, Z,, is the open circuit (zero
current) mechanical impedance, T, is a transduction coefficient whose units are volts per meter per second,
and T, is a transduction coefficient whose units are Newtons per amp.
Hunt’s canonical form, which is given in terms of impedance parameters, can be rearranged to express the

behavior of the transducer in admittance quantities:

' 2

F

I Ye' Rem
B

Rme YI‘H
where Y, is the free (zero force) electrical admittance, Y,, is the short circuit (zero voltage) mechanical
admittance, R,,, is a transduction coefficient whose units are amps per Newton and R, is a transduction
coefficient whose units are meters per second per volt.

The coupling coefficient, which relates the ratio of mechanical energy stored in the transducer to stored
electrical energy is an important figure of merit. Following the form of Berlincourt [14], the ratio of mutual
energy to the geometric mean of elastic and electrical energies is given by

U2
k2 — em 3
.U, 3)
Using the impedance and admittance forms of the transduction equations the electromechanical coupling
coefficient for electromechanical transducers can then be expressed as

k2 — Rme Tem
Y, Z!

m

(4)

where Z! is the mechanical impedance F/v found from the condition of zero current as
J A

" SLS!
2.1. Piezoelectric transducers

It is assumed that vector quantities act along the direction of maximum piezoelectric activity. Following the
form of Hunt [13], the basic constitutive equations governing the linear behavior of piezoelectric materials in
one-dimensional, axial excitation and polarity are

¢e=Ste+dE
D=d"c+¢E (5)
The superscript (-)° denotes constant mechanical stress, and the superscript ( - )* denotes measurements taken

at constant electric field. If the transduction process is completely reversible then d* = d.
From the definition of electric displacement,

0 1 /
D===— [ Idt 6
1= (6)
the definition of electric field,

E =

V
- ™
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and introducing the Laplace variable, s = jw, the canonical impedance form for piezoelectric transducers in
the linear regime is found to be given by

t —d
v AsE(1—kY)  SEsee(1 =k | (1
{rh=| | ®

SEseo (1 — k) 1sSE(1 — k%)

The electromechanical coupling coefficient for piezoelectric materials can then be found as k> = d° /SEE.
Typical values of the coupling coefficient for PZT range from 0.3 to 0.69. In the open-circuit case ¢ = S0,
where (-)” denotes measurements taken at constant electric displacement, while for the short-circuit case
¢ = S¥6. The two compliances are related by the expression Sp = S£3(1 — k§,3).

The canonical admittance form, which we will find to be slightly more practical than the impedance form, is
given by

As&?

I < B

-1 el
T4

Note that Egs. (8) and (9) describe the behavior of a transducer consisting of a single, monolithic element of
piezoelectric material. However, many useful piezoelectric transducers are composed of layers of piezoelectric
material bonded together. A mechanical preload can also be added to both enhance the piezoelectric
properties [15-17] and to prevent the material from experiencing tensile stresses under which it may be fragile.
The piezoelectric material parameters short circuit compliance S%, permittivity &, and the piezoelectric
coupling coefficient d, all appear in the expression for the electromechanical transducer model. Because of the
dependence of all of these parameters with preload [15-17], the best transducer model can be had by direct
measurement of the admittance parameters in Eq. (2).

If direct measurements cannot be made, theoretical considerations can provide insight into incorporating
some of the practical aspects of piezoelectric transducer construction as follows. The mechanical admittances
of the stiffness of individual layers of material in series add directly, as do the electrical admittances of the
individual capacitances in parallel. The transduction coefficient R,,, = R,,. is dependent on the piezoelectric
charge constant, d. The piezoelectric charge constant relates the charge produced in response to a mechanical
stress. With the assumption of constant force throughout the transducer (dynamic effects in the transducer are
ignored) the charges produced by each layer connected in electrical parallel also add directly. The concept
validation section demonstrates how the transducer parameters can be adjusted through a combination of
direct measurement and theoretical considerations.

2.2. Magnetostrictive transducers

Magnetostrictive materials strain due to an applied magnetic field, or generate a magnetic flux density due
to an applied stress. Magnetostriction results from the rotation of magnetic domains aligning with an applied
magnetic field. The cumulative effect of the sum of these aligned rotations is the observed positive strain of the
material. Because domain alignment in either the 0° or 180° directions brings about the same strain,
magnetostrictive transducers are operated around a static magnetic field bias so that linear operation is
achieved under AC drive conditions [18].

It is assumed that vector quantities are directed along the direction of maximum response and activity.
Following the form of Ref. [18], the linear, small-signal, constitutive equations governing magnetostrictive
transduction are

e=S"¢+qH
B=q¢"c+u'H (10)
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where the superscript () denotes constant magnetic field intensity (usually accomplished through an open
circuit) the superscript (-)” denotes constant mechanical stress (usually achieved through a free, unloaded
transducer).

If the transduction process is completely reversible, ¢* = g. Magnetic field intensity is given by

N
H==—] 11
. (an
where N is the number of turns in the coil around the length of the core L, and 7 is the current flowing in the
coil. Faraday’s law states that V' = —N(d¢/d¢) where ¢ is the magnetic flux. With ¢ = BA and again
introducing the Laplace variable, s = jo we have B = —V /NAs. After substitution into Eq. (10), the canonical
impedance form for linear magnetostrictive transducers is found to be given by

N2Asp’(1 —k*) gAN
4 L stp | [1
b S| a

SHL ST

The electromechanical coupling coefficient for magnetostrictive materials can then be found as &> = /S ue.
Typical values of k* for magnetostrictive Terfenol-D range from 0.7 to 0.75.
For the open-circuit case ¢ = S”¢ while for the short-circuit case ¢ = S%g, where (- )® denotes constant flux
intensity (usually achieved through a short circuit). The compliances are related such that $% = S7(1—k?).
The canonical admittance form can then be found as given by Eq. (15).

L qL
I SN>Aue uNA %
{U}: gL sLS"(1— 1) {F} (13)
W NA A

In contrast to the stacked construction of most piezoelectric actuators, magnetostrictive transducers are
usually constructed of a single, monolithic magnetostrictive core. Similar to PZT, an increase in the
magnetostrictive coupling of Terfenol-D can be had with preload [18,19]. The preload is also desirable to
prevent the Terfenol-D core from experiencing tensile loads due to fragility in tension [18]. An additional
bias in the induced magnetic field H is also desirable to linearize the strain versus field behavior [18].
The magnetostrictive parameters permeability, u°, compliance S, and coupling coefficient ¢ all appear
in the electromechanical transducer model. Because all these parameters vary with preload and magnetic
bias [19,20], the most accurate transducer model can be had through direct measurement of the parameters in
Eq. (2).

The impedance and admittance parameters for both transducer types are summarized in Tables 1 and 2.

Table 1
Transducer impedance parameters.

Impedance parameters Piezoelectric transducers Magnetostrictive transducers
Zn A A
1sSE(1 — k2) ST Ls
Z. - N2 Aspe(1 — k%)
AsE7(1 = k%) L
- AN
Toms Tine Teom = Te d Tem=—Tn = 4

T SEE(1— k) STL
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Table 2
Transducer admittance parameters.

Admittance parameters Piezoelectric transducers Magnetostrictive transducers
Y, SEst SLST(1 — k%)

A A
Y, AsE’ L

t SN2 Aue

— — L

Rema Rme Rem - Rme =ds an = _Rme = ManA
Table 3

Shunted transducer parameters.

Shunted parameters Piezoelectric transducers Magnetostrictive transducers
Zm 1+ Ysh 1+ Ysh
Y, Y.
Ly Zmiv
Y Ya(1 — k%)
1+ 5 1+ 2shB 7R
YL(l -k ) Ye
5 1 1
V4 Z - [ P
‘ T+ YaZ. T+ YaZ,
N N N N 1 - - 1
Tem, Time Tom=Tme = Tor—— Tom=—Tme=Tem

Ysh
{1 Y- kz)}

Ya(l = k)
{1 120 }

2.3. The electrical shunt

In this work, we are interested in taking advantage of the coupled nature of the electrical and mechanical
impedances of electromechanical transducers. We desire to induce a specific mechanical impedance by
tailoring the transducer’s electrical boundary conditions. This will be accomplished through the use of a
passive, parallel, resonant shunt circuit. The effects of the electrical shunt are added directly to the electrical

admittance of the transducer as
I |4 (14)
v F

Eq. (14) can be inverted to solve for the transducer impedance parameters when the electrical shunt is added.
The results for both piezoelectric and magnetostrictive transducers are shown in Table 3.

From the expressions for the shunted mechanical impedance it is clear that when Y,/ Y, — —1 the shunted
mechanical impedance goes to zero Z,, — 0, indicating mechanical resonances. Since in both the piezoelectric
and magnetostrictive cases the ideal electrical admittance is purely reactive, the goal of shunt circuit design is
to ensure that —Im(Yy,) = Y, at the desired frequencies. The mechanical boundary conditions will also affect
the resonance frequencies of the shunted transducer, and must be accounted-for as described in the following
section.

Although different approaches have been developed [6,21,22], the so-called current-flowing [22] approach to
multi-mode shunt circuit design is quite practical and was used in the design of shunt circuits for this work.

Ye + Ysh Rem
Rme Ym
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2.4. Predicting shunted transducer mechanical impedance

In most real-world scenarios, the electromechanical transducer has two mechanical terminals, one at each end
of the transducer. The tacit assumption in Eq. (2) is that one of the mechanical terminals is grounded. With one
terminal grounded, driving point resonances occur where Z,, + Zgci — 0 where Zgc; is the impedance of the
attached load. When the load is a is a non-resonant mass, Zgc; is purely imaginary and loaded-transducer
resonances occur where Re(Z,,) — 0 and —Im(Z,,) = Zgc. A typical case is depicted in Fig. 1. The condition
—Im(Y,) = Y, is satisfied at 850 Hz so the unloaded resonance occurs at this frequency. The mechanical
boundary condition drives the first resonance to 588 Hz and induces the second resonance at 1036 Hz.

True mechanical ground is much more difficult to achieve than electrical ground. In most cases both the
mechanical boundary conditions must be taken into account to accurately predict the performance of the
system. A degree of freedom must be added to the equations to account for the second mechanical terminal as

vV Ze Tem - Tem 1
Fl = Tme Zm + ZBCl _Zm 1 (15)
F2 _Tme _Zm Zm + ZBC2 (%]

where Zgc; and Zpc, are the mechanical boundary conditions of the transducer.

Before the mechanical impedance of the shunted transducer is known, Eq. (1), or equivalently Eq. (3), are
underdetermined as either the current or voltage must be known to solve the equations for total mechanical
impedance, F/v. From the second line of Eq. (15), with shunted parameters from Table 3, it can be seen that
the total driving point mechanical impedance as would be measured experimentally is

Fi Tpl 5 S v
_:ﬂ_’_[zm_’_ZBCl]_Zm_ (16)
U1 U1 U]
while the total transfer mechanical impedance is
Fi Twel U A
7=£+[ZI‘H+ZBC1]7_ZI‘)‘I (17)
(%) (%) (%)
In order to obtain predictions for mechanical impedance assumptions must be made to reduce the number of
unknowns.
One reasonable approach is to assume that no current flows across the transducer, that is / = 0. Under this
open-circuit assumption, the mechanical impedance of the shunted transducer can be estimated from Eq. (14)
as

-1
5~ F Rem Rine
Zm=_: Ym_i (18)
Ur=0 Yo+ Yo
3
[
[
-
@
a
E
10° 10°
Frequency (H2)
Fig. 1. Fixed-base, loaded transducer resonances: s Zyy; munnnn, Zpcp: @ — Im(Z,) = Zpcy; and ———, fixed-base, loaded

impedance.
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This approach provides a useful approximation for predicting the total mechanical impedance for design
purposes.

3. Implementation

In general, aerospace vibration tests are conducted in the range of 20 Hz to 5kHz. Therefore, any useful
variable impedance test fixtures will be able to approximate resonant impedance functions within this range.
The mechanical impedance of both transducers is a function of the uncoupled mechanical compliance. The
term ‘uncoupled’ is used to describe the case in which the electromagnetic storage mechanisms are prevented
from participating. For magnetostrictive transducers the uncoupled compliance is the open-circuit compliance
while for piezoelectric transducers the short-circuit compliance is uncoupled. In order for shunt circuit
elements to have a useful effect on the mechanical impedance of the transducer, the uncoupled resonance of
the loaded transducer must be near the desired shunted resonant frequencies. Otherwise, the impedance of the
transducer is large and the electrical shunt has little effect on the mechanical impedance.

Bringing the uncoupled resonance of the transducer in the desired range can be a challenging task. PZT
ceramics are quite stiff and light, making the first open-circuit resonance of these unloaded transducers in the
range of 3—10 kHz. Conversely, the constant field compliance of Terfenol-D is approximately twenty times the
constant field compliance of PI-151 [18] making Terfenol-D transducers an attractive choice for this
application. Geometrical considerations involving mechanical advantage can be used to lower the effective
stiffness of both transducer types.

Piezoelectric polymers, such as PVDF, are much more compliant (on the order of 10-20 times more
compliant) than either soft PZT or Terfenol-D [23] but the coupling factor &* of piezoelectric polymers is
much lower than those of piezoelectric ceramic materials (0.01 versus 0.5) [23]. Because the coupling factor
represents the ability of the transducing material to convert mechanical energy to electrical energy a low
coupling factor limits the ability of the shunt circuit to adjust the mechanical impedance of the device. As can
be seen from the expressions in Table 3 for piezoelectric transducers, lowered values of k> tend to decrease the
effective electrical admittance of the transducer compared to higher values of k*, making the transducer less
receptive to modification by Y. It is clear from these expressions that as k> —0 then Z,, — Z,,. Generally,
their low coupling factor precludes the use of piezoelectric polymer transducers in these applications.

Examination of the expressions shown in Table 3 for Z,, reveals an important difference between the two
transducer types. The expressions are of the same form; however, the ratio of electrical shunt admittance to
electrical transducer admittance that appears in both expression is quite different between the two transducer
types. The higher electrical admittance (low impedance) of magnetostrictive transducers at low frequencies
makes them more receptive to low-frequency electrical resonances of the electrical shunt circuit than the low
electrical admittance (high impedance) of piezoelectric transducers. This makes passively shunted
magnetostrictive transducers better able to replicate lightly damped mechanical resonances in lower
frequencies than piezoelectric transducers. The concept is equivalent to impedance matching in power
transmission systems.

Of very practical importance is the electrical output expected from the electromechanical transducers. The
magnitude of the electrical output is an important consideration for both safety and design of the shunt
circuitry, which may require high-voltage or high-current considerations. Before the addition of the shunt
circuit, the transduction coefficient 7,,,, whose units are volts per meter per second, indicate that the sensitivity
of piezoelectric transducers is an inverse function of frequency and independent of the area of the sensing
material. The transduction coefficient of magnetostrictive transducers is independent of frequency, but
depends on transducer area. Substituting nominal constitutive parameters for PI 151 and Terfenol-D
transducers into these expressions reveals that the transduction coefficient of piezoelectric transducers can be
several orders of magnitude higher than that of magnetostrictive transducers over the frequency range of
interest.

When the passive shunts are added in parallel to the transducers, the transduction coefficients of both
transducer types become resonant functions of frequency. For piezoelectric transducers 7,,, is a decreasing
function of frequency so that away from electrical resonance 7., will be large at low frequencies and low at
high frequencies. The appearance of 1 + Y,/ Y.(1 — kz) in the denominator indicates that 7', is maximized



42 T.S. Edwards | Journal of Sound and Vibration 323 (2009) 33-50

where Yg/Y. = —(1 — k?). The ideal electrical admittance is purely reactive and positive for piezoelectric
transducers. In general, the electrical admittance of the shunt is both resistive and reactive, with the reactive
part being positive for frequencies less than electrical resonance and negative for frequencies greater than
resonance. This indicates 7', for piezoelectric transducers reaches a minimum near the shunt resonance and a
maximum above the resonant frequency of the shunt.

For magnetostrictive transducers 7, is not a function of frequency so that away from electrical resonance
T, is constant. Near electrical resonance 7, is maximized where Y, /Y, = —1/(1 — k2) The ideal electrical
admittance of magnetostrictive transducers is purely reactive and negative. This indicates that 7., for
magnetostrictive transducers reaches a maximum below the resonance of the shunt and a minimum near the
resonance of the shunt.

The effects of the electrical admittances of the transducer and shunt described above may cause the electrical
output of magnetostrictive transducers to exceed that of piezoelectric transducers at some frequencies, as can
be seen in Fig. 2. A careful analysis of expected electrical outputs for a given test setup is warranted, as this has
implications for both safety and the design of the shunt circuits, which may require high-voltage components.
The voltage output of some passively shunted transducer designs in dynamic test fixture applications may
exceed hundreds of volts per unit acceleration across the two mechanical ports of the transducer.

Finally, practical aspects of incorporating these transducers into dynamic test fixtures must considered.
Both piezoelectric and magnetostrictive materials are fragile under tension. Both transducer types usually
incorporate preloading mechanisms to prevent the sensing material from coming under tension. However,
both transducer types must be protected from bending loads. Frequently, double-hinged connections are used
to isolate the transducer from bending.

3.1. Nonlinear behavior

The transduction equations assume the transducer is both linear and conservative. Although these
approximations are useful and frequently made, they are not accurate for PZT or Terfenol-D in so-called large
signal regimes. Large values of either mechanical or electrical stimulus can drive both PZT and Terfenol-D
transducers into a nonlinear state. When used in vibration test fixtures these transducers may be exposed to
large signals as both mechanical and electrical resonances will be encountered. Therefore, nonlinear effects
must be considered. Unfortunately, most researchers have studied the nonlinearities of driven actuators
[8,24-26,28]. Several have focused on the effects of hysteresis in active damping applications [27,36]. Few, if
any, have studied the effects of nonlinear behavior on the mechanical impedance of passively shunted
transducers.

In general, only nonlinear behavior in the mechanical impedance is of interest. Electrical nonlinearities and
variation in the constitutive parameters are only of interest insomuch as they affect the passive mechanical
impedance of the shunted transducer. Nonlinear and hysteretic relations between force and displacement is of
primary interest because it will limit the ability of the practitioner to achieve the desired mechanical
impedance. Harmonic distortion observed between open-loop electrical drive and transducer displacement

Vsim

Frequency (Hz)

Fig. 2. Notional shunted transducer transduction coefficients:

, piezoelectric; and ————, magnetostrictive.
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[8,29] or with an attached, resonant payload, such as observed in Refs. [24,30] is expected due to feedback
from the payload and not significant in this application.

When large loads are applied to piezoelectric ceramics the responses exhibit significant nonlinear and
hysteretic response [15-17,31,32]. These nonlinearities are induced by reorientation of the polarized domains
due to either electrical (ferroelectric) or mechanical (ferroelastic) loading [15,32,33]. The strain versus electric
displacement, D, is nearly linear and anhysteretic, however [27,34,35]. Examination of the transducer
equations for piezoelectric transducers reveals that force is dependent on the integral of electrical current.
Since strain versus electric displacement is nearly linear and anhysteretic and since electric displacement is
proportional to the integral of current through Eq. (6), it follows that force versus displacement should be near
linear and anhysteretic provided that the constitutive parameters are constant. However, it is known that the
mechanical compliance of piezoelectric ceramics also exhibit nonlinearity attributed to reorientation of the
domains [34]. The compliance of both hard and soft PZT is shown to become markedly nonlinear over
20 MPa, with large hysteresis [32,34]. Soft PZT also shows a strong tendency for residual strain upon
unloading. Further, the compliance of soft PZT is different in tension and compression [37]. These effects
suggest that the constitutive parameters are far from constant.

The piezoelectric strain coefficient, d, depends on both frequency of alternating stress and stress
magnitude [38]. It can increase by more than 100 percent with both electric field, £ and stress amplitude over
the small-signal value, but decreases with stress frequency [34,38]. It has also been shown that the phase
relation between field and stress is significant [16]. The permittivity, &7, is also known to vary significantly with
field [34]. Both electric displacement and strain, &, exhibit hysteresis versus electric field [16,32]. These effects
will certainly produce harmonic distortion in the mechanical impedance of passively shunted piezoelectric
transducers.

Terfenol-D also displays nonlinear and hysteretic behavior under large loads. The nonlinear effects
observed in magnetostrictive materials are due to the intersection of rotating domains with material inclusions
[39]. The inclusions provide pinning sites due to the reduction in energy associated with intersection of the
domain wall and the inclusion. For small variations in magnetic field intensity, the magnetization of the
material is reversible and anhysteretic. For large applied magnetic field the domain walls intersect remote
pinning sites and the magnetization is not totally reversible. Magnetization versus applied magnetic field is
hysteretic [18,39] due to the energy loss as domains transit the pinning sites [39]. The strain versus magnetic
flux density curve of Terfenol-D is nearly anhysteretic and nonlinear [18,20,39], but approximately linear over
a useful range. The combination of these effects results in a nonlinear and hysteretic strain versus applied
magnetic field curve.

The transducer equations for magnetostrictive transducers indicate that force is directly related to electrical
current instead of through differential or integral quantities as in the case of piezoelectric transducers. Since
strain versus field intensity, H, is hysteretic for Terfenol-D and since magnetic field intensity and current are
related through Eq. (11), it is anticipated that force versus displacement for passively shunted Terfenol-D
transducers will also be hysteretic. This is the result shown by Moffett et al. [19] at constant field intensity.
Further, the permeability, u°, piezomagnetic coefficient, ¢, and open-circuit compliance, S, of Terfenol-D are
somewhat nonlinear with transducer drive [19,25,29,40,41]. But, Moffet et al. [19] show that these parameters
become more linear versus drive level with favorable magnetic and stress bias. Further, they show that at
reasonable bias levels, the parameters vary by approximately 25 percent with drive level. Clark et al. [20] also
show that the parameters are nearly constant over a useful range of drive and vary by approximately 25
percent over the range of stress and field drive levels reported. Dapino et al. [40] show approximately the same
25 percent variation of parameter values over a range of applied field values, but also show the significant
statistical variation in these estimates. It has been suggested that the linear model of magnetostriction is
reasonable for strains up to one third the maximum attainable strain [40]. Still, given the hysteretic behavior of
force versus displacement, even under the assumption of constant parameter values, will lead to harmonic
distortion in the mechanical impedance of passively shunted magnetostrictive transducers.

Clearly, both piezoelectric and magnetostrictive transducers suffer from nonlinearities when driven past the
small-signal range. It is not obvious which of these materials will behave more favorably in passively shunted
transducers. Piezoelectric transducers have a near linear, anhysteretic mechanical impedance behavior under
the assumption of constant parameters, but the parameters are known to vary by greater than 100 percent.
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Magnetostrictive transducers have a hysteretic mechanical impedance, but the parameters are much more
constant with drive level than those of PZT.

The hysteresis observed in both mechanical and the electromagnetic quantities can be compared for the two
materials over their respective useful ranges. The stress versus strain hysteresis for Terfenol-D given by
Moffett et al. [19] is much smaller than the stress versus strain hysteresis for the PZT in Fan et al. [32] and
Fang and Li [31]. The hysteresis of strain versus electric field for soft PZT in Zhou et al. [15] and Fang and Li
[31] is much larger than the comparable strain versus magnetic field for Terfenol-D given by Moffett et al. [19].
Similarly, the hysteresis in the relation of electric displacement versus electric field for PZT given in Zhou et al.
[15] and Fang and Li [31] is much larger than the hysteresis between magnetic flux versus magnetic field
intensity for Terfenol-D given by Calkins et al. [39]. Although the results depend on bias conditions, it appears
that in all these cases, the soft PZT exhibits on the order of ten times the hysteresis of Terfenol-D.

Given the reduced hysteresis and reduced variation in parameters compared to PZT, it is believed that
passively shunted Terfenol-D transducers will behave in a more linear fashion than will passively shunted
transducers constructed of PZT, especially soft PZT.

4. Concept validation

Concept validation devices were constructed to demonstrate the use of shunted electromechanical
transducers in replicating desired mechanical impedance functions in the frequency range of ordinary
aerospace vibration testing. A soft PZT material manufactured by PI Ceramic, PI 151, was chosen because of
its coupling factor and its high compliance compared to most PZT materials. A table of relevant PI 151
properties [42] appears in Table 4.

Non-resonant masses were attached to each of the mechanical terminals as shown in Fig. 3 to provide well-
defined transducer boundary conditions and thus minimize the experimental uncertainty. The length and
cross-sectional area of the transducer were chosen to bring the uncoupled resonance, including the transducer
boundary conditions, into the useful frequency range. The layers of PI 151 were connected in electrical parallel
to increase the capacitance of the transducer and reduce the inductance required to target mechanical
resonances in the useful frequency range. The electrical shunt was added in parallel across the transducer.
Table 5 gives relevant parameters of the validation device.

The transducer parameters were determined partially from experimental measurements and partially from
theoretical developments. The electrical mobility of the transducer under free—free mechanical boundary
conditions was measured experimentally using a Hewlett Packard 4192A impedance analyzer. Interestingly,
the electrical impedance was found to have a real component that varies as +. The mechanical impedance was
first estimated using theoretical considerations and then refined through the modeling the additional
impedance of a compensating spring in series with the actuator. The physical interpretation of such a spring is
to account for the effects such as the adhesive used to bond the layers of piezoceramic that increase the
uncoupled compliance of the transducer. The compliance of the compensating spring is found from the short
circuit resonance frequency of the transducer because, as can be seen in Eq. (2), the transduction coefficient
R.,, is not effective under short circuit conditions. The open-circuit mechanical impedance was then estimated
using Eq. (18), substituted into Eq. (15) with 7 = 0, and compared to the experimental measurements. Because
most experimental data is measured in terms of acceleration the predicted impedance was converted to

Table 4
Relevant properties of PI 151.

Parameter Value
Permittivity: 1 /e 2400

Coupling factor: ki3 0.69

Charge constant: ds;3 500 x 107"2C/N
Voltage constant: g3 22 x 1073V m/N

Elastic compliance: S%, 19 x 1072 m?*/N
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Fig. 3. Concept validation device.

Table 5
Validation device parameters.
Parameter Value
M (kg) 1.75
Length (mm) 104
Cross-sectional area (m?) 5.89 x 107>
Internal capacitance (F) 360 x 1070
10° ;
10' | H i
jﬁ
- t
e F
E 10 4

10
107 :
10° 10°
Frequency (H2)
Fig. 4. Open and short-circuit results: , open circuit, predicted; ————, open circuit, measured; ssuu=n, short circuit, predicted; and

— = — »,short circuit, measured.

accelerance using the relation 4 = sZ~'. The short-circuit data used in this procedure can be seen in Fig. 4.
With the value of the compensating spring determined, the open-circuit admittance is then used to adjust the
value of the transduction coefficient R,,. = R.,. This completes the characterization of the un-shunted
transducer.

Two single-resonant shunt circuits were modeled, constructed and placed across the transducer to achieve
the desired mechanical impedance functions. In the first configuration the shunt parameters were L = 0.5H,
C =0.33uF and R =20Q. The second configuration utilized shunt parameters L = 0.2H, C = 0.33uF and
R =10Q. The open-circuit mechanical impedance was then estimated using Eq. (18). The predicted and
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measured transfer accelerance functions can be seen in Figs. 5 and 7, respectively. The effects of some
transverse modes, which are not accounted for in the model, can be seen in the lower frequencies.

A nonlinear trend is evident in both shunted results. The frequency of the higher resonance is slightly
underestimated in Configuration #1, and further underestimated in Configuration #2. Damjanovic [38] observed
that the piezoelectric coefficient d increases with increasing alternating stress. It is postulated that the
underestimation of stiffness in the second mode is due to a change in d resulting from the increased stress at that
frequency. Damjanovic also observed a decrease of d with increasing stress frequency, but this dependence is
about 4 percent per decade while the increase in d with increasing stress is about 30 percent per decade.

Stress per unit input force in the transducer was estimated from the three experimental measurements and
appears in Fig. 11. Stress at the second resonance is 225 percent higher in Configuration #1 and 525 percent
higher in Configuration #2 compared to the open-circuit case, from which the value of R, was initially
determined. As the first and second mode are closer together in frequency the stress at the second resonance is
higher due to superposition, which tends to raise the piezoelectric coefficient at that frequency. The maximum
stress over all frequencies occurs in Configuration #1, but this maximum stress occurs at the frequency of the
electrical anti-resonance. The piezoelectric coefficient appears to be most sensitive to the stress at the
mechanical resonance.

Note from Table 3 that Z,, is not dependent on piezoelectric charge constant, d, while the total observed
mechanical impedance, F/v, is dependent on d through the appearance of T, in Egs. (16) and (17). While they
are not uncoupled, in this case the first resonance is most closely associated with the condition of
—Im(Ys,) = Y. in the unloaded transducer while the second is most closely associated with the mechanical
resonance induced by the load at the frequency where —Im(Z,,) = Zgc. Because neither Yy, nor Y, depend on
d, the frequency of the first resonance is not strongly dependent on d.

In an apparent confirmation of the source of the increased stiffness observed in the second resonance
frequency, the change in piezoelectric coefficient with stress, the transduction coefficient R,,, = R, used to
estimate Z,, using F/v;—o by Eq. (18), was increased by 12 percent and the Configuration #2 analysis was
performed with this adjusted value. This is approximately the increase in d reported by Damjanovic [38] for a
500 percent increase in alternating stress amplitude. The results appear in Fig. 9. Although deviations between
predicted and measured responses are evident, the natural frequencies are accurately predicted. The additional
deviations may be due the neglect of the electrical feedback and nonlinear or hysteretic effects. The shape of
the imaginary part of the experimental data as plotted in Fig. 10 suggests some mild nonlinearity as it is not
entirely symmetric about the resonance frequencies.

Once the mechanical impedance is estimated using the open-circuit assumption, the validity of the
assumption can be tested by substituting the estimated mechanical impedance into Eq. (15) and solving for
current using the measured velocities. From Eq. (16) the current can be found as

I= Tl [l = [Zw + Zpc1]vr + Zmp2] (19)
10* .
10' |
E 10"
10" -‘r "
107 ‘ :
10 10°

Frequency (Hz)

Fig. 5. Configuration #1 results: , predicted; and ————, measured.
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while the voltage can be found from the first line of Eq. (3) as
V =1Z; + Tom[v1 — v2] (20)
In both of the above equations, the appropriate measured mechanical mobility was substituted for

velocities to find current and voltage per unit input force. The results can be seen in Figs. 6 and 8. It

appears that the assumption of zero current is reasonable as the maximum estimated current was less than
20 mA.

10" 10°
. 107 10" .
2 g
< 2
- -3 7 o
§ 10 10 =
3 g

10 107

' 107

10 10°
Frequency (Hz)
Fig. 6. Estimated current and voltage, configuration #: , current; and ————, voltage.
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[-]

10
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Fig. 7. Configuration #2 results:

, predicted; and ————, measured.

Current (A/N)
=
Voltage (V/N)

10 10°
Frequency (H2)

Fig. 8. Estimated current and voltage, configuration #2: , current; and ————, voltage.
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Fig. 9. Configuration #2 results, R,,, adjusted: ———, predicted; and ————, measured.
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Fig. 10. Imaginary part of FRF showing slight nonlinearities for configuration #2.
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Fig. 11. Estimated stress per unit input force: open and short-circuit results: ———, open circuit; ————, configuration #1; and sssuss,

configuration #2.

5. Conclusions

The need to accurately simulate component boundary conditions is great. Instances of component failure in
component-level shock and vibration tests have occurred due to unrealistic boundary conditions. It is almost
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certain that others have inappropriately passed dynamic testing because of the same effects. In some cases,
multiple actuators and a MIMO controller can be used to actively enforce boundary conditions at component
degrees of freedom. Even when such technology is available it is seldom practical to actively control every
boundary degree of freedom and some will be controlled by the test fixture out of necessity.

Fixtures that replicate a characteristic length of the geometry of the next assembly can be used to improve
the boundary conditions when testing at the component level. In other cases, time-varying or stochastic
boundary conditions may need to be simulated. Further, the impedance of components may need to be
simulated in order to perform test machine calibration without risking high-value assets in the process. In
cases such as these, passively shunted electromechanical transducers may be used to simulate the required
mechanical impedances.

Equations required to describe the coupled electromechanical behavior of both piezoelectric and
magnetostrictive transducers were derived. The interaction of both the electrical and mechanical boundary
conditions must be considered when designing shunt circuits to achieve the desired impedance functions. The
conditions resulting in resonance of the loaded, shunted transducer were derived and validated through
experimentation.

The equations derived for predicting and tailoring the mechanical impedance of these devices were based on
linear models. Although more sophisticated material models could be used, the simplifications used in this
work provide reasonably accurate results for the intended applications. The use of variable inductors and
capacitors in the electrical shunt can provide flexibility to provide final adjustment of the mechanical
impedance to account for deviations from the predicted values. Nonlinear behavior was observed in the
experiment and attributed to changes in the transduction coefficient through a stress dependence of the
piezoelectric coefficient. Although not verified, it is concluded that magnetostrictive Terfenol-D transducers
may behave more linearly and with less hysteresis than soft PZT.

Future work in this area will include experimental validation of the equations for magnetostrictive
transducers as well as incorporation and demonstration of passively shunted transducers in actual dynamic
test fixtures.
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