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Magnetostrictive Shunt versus Piezoelectric Shunt: A
Comparison
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Abstract. This paper treats the use of magnetostrictive shunt to the aim of vibration control
when a primary system is excited by an external disturbance. It is shown that when the primary
system is coupled with an magnetostrictive element surrounded by a coil, and this coil is shunted
with a proper electric impedance, vibration reduction is achieved. To model the coupled system,
an approach already used for piezoelectric shunt is employed, defining similar non-dimensional
parameters which are then shown to drive the attenuation performance and the shunt tuning, ex-
actly as for piezoelectric shunt. This model constitutes an improvement compared to the models
available in the literature and shows that a strict parallelism exists between the two considered
types of shunt control. Nevertheless, when practical applications are considered, it comes out
that some adjustments are needed for the model of magnetostrictive shunt, mainly due to the
magnetic losses in the shunted coil. This makes magnetostrictive shunt and piezoelectric shunt
slightly different, and the paper proposes a possible upgrade for the model of magnetostrictive
system. All the theoretical results related to magnetostrictive shunt are validated by means of a
tailored set-up, focusing on the case of mono-modal control and using both resistive and reso-
nant shunt. The work also defines which are the main limits of magnetostrictive shunt compared
to piezoelectric shunt, and it resulted that the main limitations are primarily related to the inabil-
ity to achieve optimal tuning when low frequency modes need to be attenuated. The proposed
model of magnetostrictive shunt can also be used for other applications, such as, e.g., structural
health monitoring.
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1 INTRODUCTION

The use of intelligent materials in the field of vibration control is gaining more and more at-
tention because of the advantages provided by employing these types of materials. A very attrac-
tive approach when using intelligent materials is the so called shunt control where a proper elec-
tric network is connected to the material, obtaining a significant control action (e.g., [1, 2, 3, 4]).
Different successful real applications are already described in the literature, especially consider-
ing piezoelectric shunt (e.g., [3, 6, 7, 8]). Magnetostrictive (MS) shunt is less considered in the
literature but recently different works have analysed it [9, 10, 11, 12], evidencing its capability
in providing good control performances.

This paper is aimed at showing similarities and differences among MS shunt and the piezo-
electric shunt. Being the latter largely studied, the final aim is to evidence how control strategies
developed for piezoelectric shunt can be used in the context of the MS shunt. Furthermore, the
similarities between piezoelectric and MS shunt will be also useful for applying MS shunt in
the context of structural health monitoring, since piezoelectric shunt has already been proven to
be a reliable approach in this context [13].

The paper is structured as follows: Section 2 describes the models of the two shunt types,
evidencing the similarities, then Section 3 presents some numerical simulations for analysing
the control performance of MS shunt. Finally, Section 4 will discuss some practical issues
which must be accounted for when using MS shunt, which are instead not significant in the
context of piezoelectric shunt.

2 SHUNT MODELS

The system considered is the generic multi-degree-of-freedom system depicted in Fig. 1.
The green rectangle named ’intelligent material’ can be either a piezoelectric element or an MS
element (surrounded by a coil).

Writing the equations of motion of the system and the equation of the electrical part, passing
then in modal coordinates ¢; (where ¢; is the modal coordinate for the ¢-th mode, with ¢ =
1,..,G), the following equations are obtained for the piezoelectric case [14, 15]

Gi(t) + 2&wigi(t) + wig;(t) — x;V () = Fi(t), Vie{l,---,G} (D
G
CoV () = Q1) + ) xaas(t) = 0 )
i=1
and for the MS case [9]
' G
V(t) = RI(t) + LI (t) + 0> i1di(t) €
i=1
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Figure 1: Schematic of a multi-degree-of-freedom system equipped with an intelligent material and excited by an
external disturbance f.

where F; is the modal force, w; is the i-th eigenfrequency (with either the piezoelectric element
short-circuited or the coil open-circuited for the MS case), &; is the associated non-dimensional
damping ratio, V' is either the voltage between the electrodes of the piezoelectric element or
between the terminals of the coil, () is the charge in one of the electrodes of the piezoelectric
element (—( in the other), [ is the current flowing in the coil, ¢ is time, C', is the capacitance of
the piezoelectric element at constant strain (i.e., at infinite frequency, blocked capacitance), x;
is a coupling coefficient describing the energy transfer between the i-th mode and the electrical
part of the system based on the piezoelectric element, # and 6 are constants depending on
characteristics of the MS element and the associated coil, L. is the coil inductance at constant
strain, I?. is the associated inherent resistance of the coil, and, finally, ¢, ; is the eigenvector
component of the i-th mode for the first degree of freedom (normalised to the unit modal mass
and with the coil open-circuited).

To further elaborate equations (1) to (4) and show the similarities between the two types of
shunt, a single-degree-of-freedom (SDOF) reduction can be performed.

According to [16], the SDOF reduction for the piezoelectric case leads to the following
equations describing the dynamics of the system for {2 ~ w; (where 2 is the angular frequency):

Gi(t) + 26wigi () + wiai(t) — x;Vt) = Fi(t) )
CpiV (1) = Q) + x:0:(t) = 0 (6)
where (), ; is the modal capacitance of the i-th mode, which allows accounting for the contri-

bution of the out-of-band modes [17]. Considering the MS case, according to [9], the equations
of the SDOF case are:
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Gi(t) + 2&wii(t) + wiqi(t) — 0 1 1(t) = F(t) @)

V(t) = ReI(t) + Lil(t) + 06:14:(t) (8)

where L; is the modal inductance of the i-th mode [9] and, also in this case, it is a quantity used
to take into account the contribution of the out-of-band modes.

Equations (5) and (6) can be used to find the frequency response function (FRF) H;(j$2) =
¢t/ Ff (superscript f indicates that the quantity is transformed in the frequency domain, while j is
the imaginary unit) in case of specific shunt impedances Z, for piezoelectric shunt, by mixing
them with the considered expression of Z,. The same can be performed for MS shunt with Eqs.
(7) and (8). To evidence the similarities between piezoelectric and MS shunts, resistive and
resonant shunts are considered, also because they are the most used types of shunt impedances
in piezoelectric shunt.

2.1 Resistive shunt

When the shunt impedance is made from a simple resistance 7, the FRF H; can be expressed
as:

1+j782

w? — (1 + 25w;T) + JQUGE + 25w; — TO?)
where 7 = C,; R for piezoelectric shunt while 7 = L;/(R. + R) = L;/ Ry for MS shunt.
Furthermore, ; is the i-th eigenfrequency of the system with either the piezoelectric element
open-circuited or the coil surrounding the MS element short-circuited.

Since the FRF in case of resistive shunt has the same form for the two shunt types, the way
to optimise the value of 1?2 for controlling the ¢-th mode can be directly derived by the theory of
piezoelectric shunt: the optimal value of 7 (named 7,,,;) for controlling the i"* mode is equal to

[16]:
[ 2
Topt = W (10)

Then, it is possible to calculate R using the corresponding link between 7 and R for the consid-
ered shunt type, having estimated in advance the value of either C',; or L;. The corresponding
attenuation Aqp of the FRF amplitude peak is equal to [1]:

k2 +2v26\/2 + k2
Agp = 20log, < 5
A6/ 1 = &

Here, the quantity k; must be introduced. It is the modal coupling coefficient and it can be
estimated in both the shunt types as [9]:

H;(jS2) = )

(1)
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W2 — w?
5 (12)

Wi

ki =~

2.2 Resonant shunt

This subsection treats the case in which Zg, is made from the series of a capacitance C' and
a resistance I? for MS shunt and from the parallel between an inductance L and a resistance I?
for piezoelectric shunt.

In both the cases, the resulting FRF H; is equal to:

— 02 + 2j€cwe ) + w?

0D = G —p + wrer 120, (13)
with
Py = W + 4€e&wew; + &7 (14)
pi = [ewe(w] — %) + Eiwi (W2 — Q)] (15)
Furthermore, w, and &, for piezoelectric shunt are
we =1/(CyuL) (16)
1 L
e = — 17
&= 2m\ o (17)
and, for MS shunt, they are:
we =1/(LiC) (18)

_R+R. [C Ry [C
=5V =51 (19)

It is easy to demonstrate that a shunt impedance made from the parallel of a R and C' for MS
shunt leads to the same FRF related to a shunt impedance made from the series of R and L
for piezoelectric shunt. This implies the possibility of finding optimal values for the shunt
components and the corresponding attenuation performances with the approaches developed
for piezoelectric shunt (see [18, 19]).
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3 NUMERICAL ANALYSIS

The above formulations allows deriving the attenuation Agg for both resonant and resistive
shunt. As in the case of piezoelectric shunt, MS shunt offers attenuation performances depend-
ing on &; and k;. Figure 2 shows the resulting curves, which evidence the larger attenuation
provided by resonant shunt.

70 T T T T T T T T

resistive shunt
= = =resonant shunt (series) -

60 -—= 1

1 1 1 1
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Figure 2: Trend of the attenuation (reduction of peak amplitude on a given mode) A4p as function of the value of
|k;| and for three different &; values for resistive and resonant (series connection between R and C)) MS shunt.

Furthermore, the above treatment allows deriving the optimal resistance values for piezo-
electric and MS shunts in case of either resistive or resonant shunt. Figure 3a shows the trend of
the optimal resistance for resistive shunt for different w; and |k;| values, while Fig. 3b provides
the same information for resistive shunt. It results that the resistance values are much larger for
piezoelectric shunt compared to MS shunt, making piezoelectric shunt better in terms of ease of
implementation. Moreover, the value of the optimal resistance for MS shunt must account also
for R.. Atlow frequency, the optimal resistance can be larger than the value of R., implying
the impossibility of reaching an optimal tuning of the shunt impedance.
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Figure 3: Trend of the optimal resistance as function of w; and for three different |k, | values (i.e., 0.05, 0.1 and 0.3)
for resistive (a) and resonant (b) shunt in both piezoelectric and MS shunt. The shunt components are connected
in series for MS shunt, and in parallel for piezoelectric shunt.

4 MAIN DIFFERENCE BETWEEN PIEZOELECTRIC AND MS SHUNT

The main difference between piezoelectric and MS shunt is related to the fact that the value
of the modal inductance I; must be adjusted to take into account the effect of magnetic losses
of the coil. Indeed, considering as an example the equivalent inductance (measured on a set-up
in the labs of Politecnico di Milano) of magnetostrictive material (obtained by inserting current
in the coil and measuring the consequent voltage at the pins of the coil), a decreasing trend due
to losses is present. When SDOF reductions are considered, it is possible to adjust the value of
L; as

Ly = L — nw (20)

where 7 is a constant describing the descending trend around w;. A more detailed description
of the problem is available in [9].
Conversely, the value of C}, ; does not need any adjustment.
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S CONCLUSION

The paper has dealt with the parallelism between piezoelectric and MS shunt, showing that
there is a common mathematical approach for describing both the approaches. The paper has
also evidenced that there are some limits and issues (e.g., magnetic losses) associated to MS
shunt which are not observed for piezoelectric shunt. The developed model of MS shunt will
be useful not only for vibration control purposes but also for structural health monitoring appli-
cations of MS materials.
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