Modelling and control of an adaptive tuned mass damper
based on shape memory alloys and eddy currents
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1. Introduction

The Tuned Mass Damper (TMD) to attenuate structural vibrations has been widely used in engineering since 1909, when
Frahm [1] first designed the device coupling the use of a mass and a spring. A TMD can be designed with many different
layouts and employing different physical principles, so that it can assume a variety of shapes. Notwithstanding, a TMD is
usually modelled as a single degree-of-freedom (sdof) system, made up of a mass m, a damper with a damping constant c,
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Fig. 1. Primary system with a TMD: lumped-parameters representation (a) and equivalent forces (b).

and a spring with an elastic constant k (Fig. 1); such is the one used in this present paper. It should be noted that in Fig. 1,
mps, Cps, and kps are respectively the mass, the damping coefficient and the elastic coefficient of the system to be controlled,
while m, ¢, and k are respectively the mass, the damping coefficient and the elastic coefficient of the TMD. f and f; are the
elastic and damping force exchanged by the two systems respectively. Finally, x;, x,, and x3 are respectively
the displacement of mps, m and the constraint. Their first and second derivatives (represented respectively by a single
dot and by two dots) are the corresponding velocities and accelerations.

In this situation, the basic principle of the TMD is that its eigenfrequency should be tuned to the resonance frequency of
the system to be controlled, herein referred to as Primary System (PS). This tuning allows to attenuate the vibrations of the
PS at such eigenfrequency. Modelling the PS as a sdof system, the whole structure composed by the PS and the TMD is as
shown in Fig. 1a.

In Fig. 1a, the values of m, ¢, and k must be set so that the eigenfrequency of the TMD is tuned to the eigenfrequency of
the PS, as abovementioned. If the disturbance is random (as in the case considered in this paper), a proper value for ¢ should
be calculated, so that the vibration of the PS is minimised within a frequency range around its resonance frequency.

Although TMDs can be very effective in reducing vibrations of the PS and optimisation of their features is widely studied
(e.g. [2,3]), they do suffer from a major drawback: they cannot adapt their dynamic characteristics. Sometimes this
disadvantage can constitute a critical problem, especially when the PS undergoes significant changes of its modal behaviour.
For instance, major variations of the environmental temperature can cause significant changes in the eigenfrequency value
of the PS, or even of the TMD itself, thus causing a mistuning between the resonance frequency of the PS and that of the
TMD. Such a mistuning can render the TMD ineffective in reducing vibration.

Given the situation herein premised, great effort has gone into designing Adaptive TMDs (ATMDs), i.e. able to change
their own modal characteristics in order to follow eventual changes of the modal behaviour of the PS. When a new ATMD is
designed, the device is expected to be able to change either its eigenfrequency or its damping, and some devices are
required and designed to change both parameters. The choice of which parameter must be adapted depends on the
application and on the disturbance taken into account. The specific performance required of the ATMD leads to different
approaches in its design, employing different solutions. Various different physical principles have been used to render a
TMD adaptive, some of which are listed here:

® Longbottom et al. [4] and Long et al. [5] used pneumatic springs, whose stiffness can be tuned by changing the air
pressure;

Bonello et al. [6] and Gsell et al. [7] used piezo-ceramic actuators;

Carneal et al. [8] and Brennan [9] used servo-actuators;

Carpineto et al. [10] employed the hysteresis of short steel wire ropes;

Weber et al. [11,12] used magnetorheological dampers;

Heuss et al. [13] used piezoelectric transducers;

Savi et al. [14], Aguiar et al. [15], Tiseo et al. [16], Mani and Senthilkumar [17], Zuo and Li [18], Rustighi et al.
[19,20], Ozbulut et al. [21], Mavroidis [22], Senthilkumar and Umapathy [23], and Williams et al. [24,25], used shape
memory alloys (SMA) to design and construct ATMDs capable of changing their eigenfrequency and, overall, to dampen
vibrations in light structures, on account of the unique characteristics of such materials.

We have found this latter approach particularly promising, since SMAs are ever more widely used in engineering, they
have physical properties which can be employed for vibration reduction, and they are cheaper than other materials.
Furthermore, they are often produced in lightweight shapes (e.g. wires); this feature is crucial because it allows to construct
adaptive devices avoiding load effects in light structures.

The aforementioned physical principles can be used to change either the eigenfrequency of the ATMD or its damping,
and some can be even used for both these goals. Some more facts should be pointed out on the issue of damping adaptation.
There are, in fact, other possible approaches to designing an adaptive damper and they have already been discussed in
literature, including - yet not purposely considering — applications in ATMDs. Also these principles can be employed in
rendering the TMD damping adaptive. For example, magnetic (e.g. [26]), liquid (e.g. [27,28]), or mechanical devices (e.g.
[29]) can be employed. Also electro-magnetic principles, such as eddy currents, can be used. Eddy current dampers are
effective in damping vibrations and are simple to model and drive compared to other kinds of aforementioned dampers (see



Section 3). Furthermore, they can be built with different shapes and sizes in order to fit them to different kinds of PSs. This
makes them suitable for practical applications in vibration control.

This paper presents a new ATMD for light structures, which relies on the use of SMAs and eddy currents. The referenced
works (e.g. [20]) employ SMAs to build beams, whose eigenfrequency can be changed by changing the material's Young's
modulus (further details are provided in the following section). These beams, rigidly connected to the PS, constitute the
TMD. Although these TMDs are effective, they do suffer some limitations: the range of adaptation of their eigenfrequency is
limited, they require the use of high performance SMAs, and often the layout of the ATMD does not allow to add a device to
change the damping as well. Thus, we see the scope for further improvements. Particularly, the goals of this paper are as
follows:

1. achieving a range of adaptation of the ATMD eigenfrequency of at least 50% of its nominal value. This is achieved by using
SMA wires, instead of SMA beams;
. the TMD layout must not require high-performance SMAs (i.e. it must work properly with any kind of SMA material);
3. the ATMD must be able to adapt its eigenfrequency as well as its damping. Such a goal is achieved by designing an ATMD
relying not only on SMAs, but also on an additional element (i.e. an eddy current damper).

N

These improvements would allow to properly attenuate the vibrations in a system subject to random excitation, which is
the case considered in this paper. Indeed, the possibility to follow eventual changes of the PS and to adapt the damping of
the ATMD are crucial features of any attempt to attenuate vibrations due to random disturbances.

The paper is organised as follows:

® Section 2 presents the main properties of SMAs, highlighting those considered and employed in the present work;
Section 3 presents the physical principle chosen to adapt the damping of the ATMD;

® Section 4 shows the layout of the new ATMD and explains how a wide range of the ATMD resonance frequency is
achieved. The main parameters influencing the working principle of the ATMD are here introduced as well. Furthermore,
this section explains how the three abovementioned goals for the new ATMD are achieved;

Section 5 provides details of the model developed to simulate the behaviour of the ATMD based on SMAs;

Section 6 presents the algorithms employed to adapt the modal behaviour of the ATMD;

Section 7 shows the experimental test set-up used to verify the effectiveness of the new ATMD;

Section 8 presents a comparison between the results achieved by experimental tests and those obtained by numerical
simulations.

2. Shape memory alloys

This section discusses the main features of SMAs [30], which are considered suitable for the purpose of the present paper
and, more generally, to act on the dynamics of mechanical systems. The specific material used in this paper is Nitinol [30],
constituted of nickel and titanium.

The main characteristic of SMAs is the possibility to change their composition between austenite and martensite phases
by applying proper temperature and stress values. Fig. 2 clearly expounds the features of the SMAs. SMAs can assume three

phases: detwinned martensite (DM), twinned martensite (TM), and austenite (AU). In Fig. 2, o is the stress value at which
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Fig. 2. SMA working principle.

Table 1
Technical data of the SMA material used, obtained by experimental tests.

Ag Af Mg Mf Ca Cm Hr [24 Ew,DM Ewau

68.6 °C 78.9 °C 55.2°C 42.7°C 9.90 MPa/°C 6.83 MPa/°C 4.39% 10-6°c~! 32.1 GPa 39.5 GPa




the transformation from twinned to detwinned martensite starts at environmental temperature, while oy is the value at
which the transformation is completed. Ay is the temperature value at which the transformation from twinned martensite to
austenite starts at null stress, while Asis the value at which the transformation is completed. M; is the temperature value at
which the transformation from austenite to twinned martensite starts at null stress, while My is the value at which the
transformation is completed. C4 and Cy, are the angular coefficients of the transformation lines.

Table 1 presents the values of the parameters shown in Fig. 2 for the SMA wires used in the present work, identified by
means of experimental tests. In this table, H" is the current maximum transformation strain (i.e. the strain due to the
change of shape between TM and DM), « is the thermal expansion coefficient, E,, pm and Ey, ay are the Young's moduli of the
DM and AU phases respectively.

Fig. 2 shows that the shape of the SMA can be changed by applying a stress value higher than o; (transformation from TM
to DM) and that the original shape can be recovered by increasing the temperature (transformation from DM to AU). Then, by
changing the temperature, it is possible to change phase between DM and AU and thus change shape. Fig. 2 illustrates that
the shape in the TM and AU phases is the same (i.e. the unstrained shape).

The manner in which the properties of the SMA are employed in the new ATMD shall be explained in Section 4. At this
point it is useful to point out that the abovementioned properties of the SMAs are used to change the eigenfrequency of the
ATMD. The damping properties instead are changed employing an additional device, as explained in Section 3.

More extensive information about properties of SMAs can be found in [30].

3. Physical principle employed to adapt damping

There are several physical principles (as discussed in Section 1) which can be used to adapt the damping of the ATMD (i.e.
to adapt c¢). Among these, the authors of these papers have focused on the principles which allow to generate a viscous
damping force (i.e. a force proportional to velocity), do not require contact between two or more components, have a linear
control law, and allow to use low-weight components. These characteristics are found in inductive and eddy current devices.
The latter solution was adopted in this paper, also on account of the ease of design of such actuators. The reliability of
damping devices based on eddy currents has already been proven by different works in literature (e.g. [31-33]).

The basic components of the damper are a coil, in which a DC current i4 flows, and a cylinder made of conducting material:
the current flows through the coil generating a magnetic field so that, when the cylinder moves within it, a force f; is generated
acting in opposition to the relative velocity [33]. Fig. 3 explains the device layout and how the magnetic field is generated.

The damping force f; assumes the following expression [33]:
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where a and d are respectively the inner radius and the thickness of the cylinder, hyg is the height of the air-gap, p is the
resistively of the cylinder material, B is the magnetic field in which the cylinder is immersed, and %, is the relative velocity
between the cylinder and the coil. Therefore, the damping coefficient is
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The magnetic field B can be changed by changing the value of the current flowing in the coil. According to Eq. (2), this causes
a change of the damping coefficient c4. The relation between the current iz and the magnetic field B can be calculated by
solving the magnetic circuit and it has the following form [33]:
_ Nig
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where N is the number of turns of the coil, A,g is the area of the air-gap, and © is the reluctance of the magnetic circuit.
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Fig. 3. Layout of the eddy current damper.



4. Layout of the new adaptive tuned mass damper

This section discusses the layout of the newly proposed ATMD, and the method employed to achieve extended frequency
range is illustrated in particular.

The SMA-based ATMDs described in most of the referenced works are constituted by cantilever beams. The principle
employed is the transformation between TM and AU, which can be achieved by changing the temperature of the SMA,
without applying any stress (Fig. 2). Such a transformation determines a change of the Young's modulus of the SMA, which
in turn determines a change of eigenfrequency of the beams and thus of the ATMDs.

This paper's proposition is to construct the ATMD with a central mass m linked to the PS by four SMA wires (Fig. 4). By

means of elastic elements (Fig. 4), these wires are subject to pre-stress (and thus a pre-strain) above the value of of(Fig. 2) in
order to achieve the condition of DM. Then, the working principle of the ATMD relies on the transformation between DM and
AU by means of a temperature change, which allows to change the shape (i.e. the length chiefly) of the wires and thus the
axial tensile load F they are subject to. The change of the axial load F allows the change of the eigenfrequency of the ATMD
[34]. Therefore, the working principle can be summarised as follows: a change of temperature causes a change of shape and
consequently also a change of stress on the SMA wires. Particularly, when the wires are heated from DM to AU, they recover
their initial shape (Fig. 2), thus their length decreases, and this causes a stretch of the spring and an increase of the axial load.
Conversely, when the wires are cooled form AU to DM, their length increases and thus the springs shorten and the axial load
decreases.

The new configuration here proposed allows to achieve a much wider frequency range of adaptation than would be
possible by using cantilever beams. According to [34], the following relation is valid for the value of the first eigenfrequency
@, of a cantilever beam:

w1~ Eb (4)

where Ej is the beam's Young's modulus. Relying for example on the beam used in [20,19], the Young's modulus was 59 GPa
for AU and 40 GPa for TM. In these conditions, the possible variation of the ATMD eigenfrequency Rw is

_ VEsau
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where @1 ay and w11y are the value of the first eigenfrequency when the material is in AU and TM phases respectively. And
Epau and Epy are the value of the Young's modulus of the beam when the material is in AU and TM phase respectively.
As for the new configuration proposed, the following relation is valid for w+, according to [34,35]
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(6)

1

where Ly, is the length of the SMA wire strained by the axial load F produced by the spring. n is a constant dependent on the
boundary conditions of the wire; it is set to 0.5 throughout this whole section of the paper, because the other possible values

(e.g. 1 [34]) achieve very similar results. Eq. (6) can be rearranged and expressed in terms of stress o,, and strain &, on the
wires:

«/F V OwAw (7)
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where L,, is the length of the unstrained SMA wire and A,, is the double of the cross-section A,,; of the SMA wires (the
change of cross-section due to strain is considered negligible to the purpose of the present paper). The reason for using A,, in
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Fig. 4. Layout of ATMD based on SMA wires: top view (a) and lateral view (b).



place of A, is that the SMA wires are two for each side of the ATMD. Then, Rw can be achieved by means of Eq. (7):

_ \/ (Ewpm~+1)owau
Rep = L1LAU—@1DM 40 = u,1 « 100 (8)
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The values of stress and strain at which the SMA wires work in AU and DM phases must be known to solve Eq. (8) and find
the value of Rw. The values of o,y oy (i.e. the maximum stress value) and o,y pm (i.e. the minimum stress value) are set to 200
and 50 MPa respectively, since the operating stress range for the SMA wires suggested by the manufacturer is below 250
MPa. Furthermore, 50 MPa is over of(Fig. 2). The strain can be expressed by the following general relation, according to [30]:

9w 4 H"(6)+ (T —To) 9)

t th
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where &%, is the elastic strain component, €, is the strain component due to the thermo-elastic martensitic transformation
[30] (i.e. the strain due to the change of shape from TM to DM. See Fig. 2), e!! is the strain component due to the thermal
expansion, E,, is the Young's modulus of the SMA wires (Table 1), H"(5) is the current maximum transformation strain [30]
(i.e. the strain due to the change of shape from TM to DM. See Table 1) [30], & is the thermal expansion coefficient of the SMA
wires (Table 1), T is the temperature, and Ty is the reference temperature (i.e. the environmental temperature of 20 °C).
Relying on Eq. (9), we may obtain the expression of &,,pyand &y au:

Ow,AU

E—+(1(TAU,200—T0) (10)
w,AU

EwDM = —ZW’DM +HY (), ewau=
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In fact, the phase of the material is DM at environmental temperature (Fig. 2) and thus the thermal component can be
neglected, while when the SMA wire is in AU phase it has recovered its original shape (Fig. 2) and thus &, is null. Tay 200 is the
temperature above which AU is the only existing phase at a stress of 200 MPa.

Relying on the data of the SMA wires used in this work (Table 1), identified by means of experimental tests, Eq. (10) can
be substituted into Eq. (8) so that Rw can be calculated. The result is about 103%, which is much higher than the 21% of Eq. (5)
and satisfies the goal set out in Section 1.

This demonstrates that the proposed layout and use of SMA wires allow to achieve a wide range of the eigenfrequency of
the ATMD. Furthermore, the result of Eq. (8) mostly depends on the ratio between the two values of stress. This highlights
another advantage of the proposed layout as compared to the other approaches referenced (Eq. (5)). Indeed, this stress ratio
can be high enough to have a wide frequency range, regardless of the kind of SMA used. Conversely, the referenced
approaches require high-performance SMAs to increase the adaptation frequency range, meaning that the difference
between Ep oy and E, 1y must be as high as possible. In fact, it is easier to find SMA wires with a high stress ratio, rather than
with a high difference between E, oy and Ep 1.

The key elements of the application herein presented are the elastic springs shown in Fig. 4, which allow to produce a
change of F when the change of shape takes place during the transformation between DM and AU. Since the stress range for
the material used in this work is 50-200 MPa, the springs are designed to have an elastic constant so that

® they generate a stress of 50 MPa in the wires, at environmental temperature, in order to have the SMA wires in
DM phase;

® they guarantee a stress value of 200 MPa (i.e. the maximum stress value set in the case here considered) at 103.91 °C (i.e.
Tau200)- In fact, this is the temperature above which the SMA wires are in AU phase at 200 MPa. This temperature was
estimated by means of experimental tests carried out on the wires employed.

The value of the constant K of each spring was calculated by imposing the equality between the displacement u of the
outer end of the SMA wire, and the stretch q of the spring (exploiting the symmetry of the system; see Fig. 5):

u=—q (11)

If the axial load F is changed from a situation of equilibrium (i.e. from F; to F, F; —F, = AF), then u and ¢ are non-null
quantities and a change of stress o, takes place (i.e. Ao,,). Consequently, there is change of the strain (i.e. Ag,,). Vice versa, if
a Ag, occurs, a change of axial force F occurs as well. Thus, the following relations can be written according to Eq. (11):

Ao wAw1

AF=AocwAu =Kq= —Ku= —KAe,L, = Ag, ="
KLy

j K
Fq Fu F

Fig. 5. Scheme for calculating K (view from the front side).

(12)
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Therefore, if the phase of the wires is changed from DM to AU, the following expression is achieved (relying on Egs. (10) and (12)):

(Ow,AU — Ow,pM)Aw1 <O'W AU ) <0 WDM | 1ycur )
_Ow, E = (T —To) | —(s—+H" (o 13
KL, Ews (Tau200—To) Fuvont (0) (13)

Rearranging Eq. (13), the following expression is achieved:
(GW‘DM *O'W,AU)Awl (14)

(”W'AU — 2™ 4 ¥ (Tau200 — To) —H " (0 )) Lw

Ewau  Ewpm
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Eq. (14) allows to calculate the value of K by filling in all the required variables. The value obtained is 14628.5 N/m.
The value used for L,, was 50 mm. The rational for this choice will be clarified in Section 7.

5. Model of the new adaptive tuned mass damper

According to Fig. 1b, two forces are exchanged between the TMD mass and the PS: an elastic force fi, which depends on
the relative displacement x between m and mps (i.e. X=X, —x7), and a damping force f;, which depends on the relative
velocity x between m and mps. The whole system is governed by the following dynamic equations:

(15)

MpsX1 +CpsXy +Kpsxy —fi(X, £) —f (X, £) = CpsX3 + Kpsx3
m}?z +fk(x, t)+fd(x, t) =0

This system represents the case in which the vibration of the PS is due to ground excitation. If a force acts directly on the
PS, it must simply replace the right-hand-side of the first equation.

The following sections discuss how these two forces, f, and f;, are generated and can be modelled. The damping force f; is
generated by the principle of eddy currents, while the elastic force f; is generated by means of SMA wires.

5.1. Elastic force

Considering the ATMD mass in Fig. 6 (in which the system symmetry is employed and in which the first mode of the
ATMD is considered) subject to the axial load F* acting on the SMA wires, the angle of each wire, above the horizontal, can
be expressed as

A= tan”(ﬁ) (16)

where Ly, is the length of the wires when subject only to axial load F produced by the spring, without considering any other
static or dynamic load. Thus, L, can be expressed as (employing Eq. (9))

Lt = (ew+ 1Ly = (Z—V”:+egv+a(T—To)+1 >LW (17)
Therefore, f is
Fex,t)=4F*t)sin (tan -1 <L)> (18)
Lwh

The term 4 in Eq. (18) is due to the fact that two wires act on each side of m. F* represents the variable value of F due to
the static and dynamic loads (i.e. F*=F+ AF, the symbol A expresses the changes due to the static and dynamic loads).
Fixing the temperature of the wires and thus L, the following relation is obtained:

Lya = /X2 +1%, (19)

where L,yq is the length of the SMA wires subject to F* and to vertical motion.
This variable can also be expressed as (employing Eq. (9))

Lya= (Ae+1)Ly, = <A£$V+A8§V+A£$+1)Lwh = <AEGW

w

AF
+AS€V+A83}+1>Lwh= <ﬁ+A€€v+A€w+1>Lwh (20)
wilw

Fig. 6. Definition of the angle 4



where the symbol A again expresses the changes due to the static and dynamic loads.
Combining Egs. (19) and (20) and assuming the temperature is fixed (i.e. Aetf = 0) and that the value of AF is not high
enough to produce change of material phase (i.e. Agl, = 0), the following equation is obtained:

AF 5 /X242 — Loy
(EWAw1+1>LWh=\/X2+Lwh:>AF:T (21)

wiwl

Substituting Eq. (21) into Eq. (18), the following expression is obtained:

/272 _
Fux.b) :4(F+X+LW‘1LW'1> sin <tan -1 (%)) (22)

Lwn
EwAwi wh

Such an expression can be formulated as a Taylor series [36] around the position of equilibrium xo:

df, 1d%f,

1d"
Fex, )~ fr(xo)+—5= XO(X_X°)+2 dx2 o

n! dxn

dx

(X—Xo)*+ -+
0

(x—x0)"+O(x"*1) (23)

X X

The position xo can be obtained by solving the static equilibrium mg=fi(xo) (where g is the gravity acceleration). This
equation was evaluated both in the AU and DM phases, and in both cases xg is very close to zero (about 0.3 mm for DM and
0.12 mm for AU). Hence, xo was set to zero here (the solution of the static equilibrium requires to know all the parameters
of the system. Some of them were already given in Table 1 and in the previous sections; others, such as m, will be given
in Section 7). Therefore, xq is set to zero from here on, in this paper.

Finally, substituting Eq. (22) into Eq. (23) and ignoring terms higher than the third order, the dynamic part of f can be
approximated as

fex,H)=4 F L3—EW7/3‘W] X3 (24)
Lon 2L, 2Ly
In the present application Eq. (24) can be simplified considering only the linear term in x, because the cubic term proves
to be negligible. Therefore

F
frx,t)= 4nx (25)

Eq. (24) shows that the elastic force depends on F, L., and E,,. These three variables depend on the phase of the SMA
wires and such a phase can be AU, DM, or a combination of the two, depending on the temperature and stress on the wires.
The next sections (5.1.1 and 5.1.2) describe how to change the three variables by means of the Joule effect. In fact, a current
iy, runs through the wires and this generates heat by Joule effect. The consequent change of temperature T causes a change
of phase and thus a change of F, Ly, and E,. Section 5.1.1 shows how to link T to F, Ly, and E,,. Then, Section 5.1.2
discusses how to describe the relationship between i,, and T. Therefore a global model will be expounded, explaining how to
relate the control variable i,, and the elastic force f.

5.1.1. Material model: stress—temperature relation
A key aspect to consider, in order to properly describe the behaviour of the SMA wires, is the relationship which links the
temperature on a wire T and its stress o,,. A change of T can cause a change of shape (i.e. length) and thus a change of the

axial load produced by the spring (Fig. 4). Elucidating the relation between T and o, also the relation between T and the
variables F, Ly, and E,, can be calculated.

The starting point for such a model is the Experimentally-Based 1-D Material Model [30], which relies on the martensite

volume fraction & (i.e. £=0 when the material is fully austenitic, and £=1 when it is fully martensitic) and is based on the
following hypotheses:

1. The Young's modulus of the SMA material E,, is linearly dependent on &:

EW = Ew,AU - g(EW,AU - Ew,DM) (26)

2. The thermal expansion coefficient « is constant
3. The transformation strain linearly depends on &:

€, = EHO" (27)

4. The starting and ending transformation temperatures (i.e. My, M7, A7, A7) linearly depend on 6,

Ow

M7 :Ms+CM,

Ow Ow Ow
MF:MPLE’ A;’:AS+C—A, A}’:Af+C—A (28)



5. The value of £ during the transformations from martensite to austenite (i.e. T > 0) is described as [30]

1, T<A?
AT g -
(=S a—a A <T<Af (29)
0, T>A?
And for the transformation from austenite to martensite (i.e. T < 0) by
0, T>M{
e={w _1‘;/ Mf <T<M? (30)
1, T<My

Eqgs. (29) and (30) are valid only for transformations starting from a homogenous material and they do not take into
account partial transformation. This model (particularly Egs. (29) and (30)) has been refined in the herein study so to take
into account also transformations starting from non-homogeneous material (partial transformations).

This new formulation assumes that a transformation can start from a non-homogeneous material. The starting martensite
volume fraction is indicated as &_; and the new formulation for transformations from martensite to austenite (i.e. T > 0) is

E 4, T <A?
A -T
E=da—as-1 A <T<A? (31)
0, TzAf
And for transformations from austenite to martensite (i.e. T < 0), it is
£_s, T>M¢
e={ T(l E)+E ., MI<T<M (32)
1, Tst

Now Egs. (31) and (32) can be used to find the relation between T and o,,. Relying on Eq. (9) and Eq. (12), a generic
equation describing the behaviour of the material due to a change of temperature is described as
_(ow—0wo)Aw1 _ow
KLy, M E

+a(T To)+eh,—€ho (33)

where o, o indicates the stress at environmental temperature (1 e. 50 MPa, see Section 4) and ¢, ;= H*". On the grounds of
Egs. (26) and (27), Eq. (33) can be written as ’

A 1 cur
owo (R +5L;) —a(T—To)+H" (1-8)
rYw ] =y+bT (34)
KLw " Eyau — E(Ewau — Ewom)

ow(T) =

The constants b and y are defined in Appendix A. When the material is out of the transformation region, £ is at a constant
value £ _ ; and the stress depends linearly on the temperature T, because of the effect of thermal expansion. On the contrary,
when the material is under transformation, £ is described by the second condition of Eq. (31) for transformations from DM to

AU, or of Eq. (32) for transformations from AU to DM. Therefore, the expression of 6,,(T) is achieved by substituting the
second condition of Eq. (31), or the second condition of Eq. (32), into Eq. (34). The following relation is achieved for
transformation from AU to DM:

— (b1.a+baaT) + \/(b1,d +byaT)? —4a(c1 g+ CoaT+C54T%)

UW(T): zad (35)
And the following for transformation from DM to AU:
— (byj+baiT) + 1/ (bri+boiT) —4ai(cy i+ CoT+ 3, T
O'W(T)= ( 1, 2. ) \/( 1. 2.0 ) 1( 1. 2,0 3. ) (36)

2q;

The terms in Eqgs. (35) and (36) are given in Appendix B.
Therefore, Egs. (34)-(36) describe the relationship between o,, and T. Once the value of 6,,(T) has been calculated, the
value of F and L, can be computed as (see Eq. (17))
) + l} (37)
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The relationship between E,, and T can be found by means of Egs. (31), (32), and (26).

Finally the elastic force f, can be computed by means of either Eq. (24) or Eq. (25).

The final task herein set out to meet is how to control T. This is achieved by heating, by means of Joule effect, and by
cooling by means of convection. The thermal model linking the current i,, supplied to the wires and T is described in the

following Section 5.1.2.

5.1.2. Thermal model
The temperature T of the SMA wires can be changed employing two different principles: the Joule effect for heating, and

convection for cooling. The first law of thermodynamics [37] can be applied to each wire:

dT déew  hSwext
Par="ar v,
where pc, is the thermal capacity per unit of volume of the SMA wire, h is the convection coefficient of air, s, exc is the outer
surface of each wire, Ry, is the electric resistance of each wire, and V,, is the volume of each wire.
According to Eq. (12), the first term of the right-hand side of Eq. (38) can be rearranged as

dey, dey, doy, dT —Ay doy, dT (39)

v dr = °"do, dT dt  °“ KL, dT dt

As for Eq. (39), the term 9% can be calculated differentiating Eq. (34) for extra-transformation temperature changes, Eq.
(35) for temperature changes during transformations from AU to DM, and Eq. (36) for temperature changes during

transformations from DM to AU. The following formulations are achieved:

2
(T —To)+ Rul® (38)

® Extra-transformation:

dow _

® Transformation from AU to DM:
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dr 4ad\/ sd+T(Bsd+CsdT)

® Transformation from DM to AU:
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The terms in Egs. (41) and (42) are explained in Appendix C.
Then, Eq. (39) can be rearranged by using Egs. (40) and (34) for extra-transformation temperature changes, Eqs. (41) and

(35) for temperature changes during transformations from AU to DM and Egs. (42) and (36) for temperature changes during
transformations from DM to AU. Finally, Eq. (38) can be rewritten as

® Extra-transformation:

dT A dr hsw ext

Podr = TKL,

Where the term £ in the constants b and y is fixed to 5,1.
® Transformation from AU to DM:

2
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® Transformation from DM to AU:
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Eqgs. (43)-(45) describe the link between the control variable i,, and the temperature T of the SMA wires.



5.2. Damping force

Section 5.1 and its subsections have described how to link the control variable (i.e. i,,) to the elastic force acting on the PS.
This present section faces the same issue relatively to the damping force f;. The physical principle used to generate and
change damping in the ATMD is that of eddy currents (see Section 3).

Egs. (2) and (3) have illustrated how to generate a damping force u, = c4%. In the present application a slight modification
has been introduced: in fact, a permanent magnet (generating a magnetic field Byp) has been introduced in addition to the
coil producing the main variable magnetic field. This provides two benefits. Firstly, it allows to always have a base level of
damping, which can then be increased making current flow through the coil. Moreover, the number of turns of the coil N
and the current iy necessary to obtain a given value of damping force f; can both be reduced, consequently resulting in a
simplification of the damper construction and fewer problems associated with heating.

The electrical equivalent of the coil can be represented as the series of an inductance and a resistance. Such a circuit is
supplied by a voltage source and thus the dynamic equation governing the circuit is

dig(t)
dt

where L. is the inductance due to the coil, R. is the resistance due to its turns, and V is the supplied voltage.
Employing Egs. (2) and (3), the force f; can be expressed as

L +Rcig(t) = V() (46)
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Egs. (46) and (47) link the control variable V and the damping force f;. Indeed, Eq. (46) allows to calculate iy for a certain
supplied V(t) and then Eq. (47) allows to compute the force f; produced by i,.

6. Control algorithms

This section describes the control strategies devised to adapt the ATMD natural frequency and damping to the
characteristics of the PS. Two different kinds of algorithms (APP1 and APP2 herein) were developed and tested to adapt the
behaviour of the ATMD: they are described in Sections 6.1 and 6.2. In both the approaches, first the eigenfrequency of the
ATMD is tuned and then the damping is adjusted. The first of the two strategies is based on an on-line identification of the
PS features and on the consequent adaptation of the ATMD. The second strategy does not require any identification and is
based on the shape of the power-spectrum of the vibration of the PS.

6.1. First control algorithm

The first approach (APP1) requires to estimate the dynamic parameters of the PS and to tune those of the ATMD in order
to satisfy the optimisation criterion suggested in [38]. This approach requires an on-line estimation of different variables of
the systems (Section 6.1.1) and the measurement of x4, x», and x3 (Fig. 1).

The optimal values of the dynamic features of the ATMD as a function of the PS characteristics are given in Ref. [38]:

m m
@rs ps mps
WATMD = 7> Satmp = g (] T’Sm = CATMD = 2MWATMD s(1 Zpsm (48)
= ) (1+5)

where wps is the eigenfrequency of the PS, while wamvp and Earvp are the eigenfrequency and the non-dimensional damping
ratio of the ATMD, respectively. The conditions of Eq. (48) are for an undamped PS and thus valid in the practical applications
where the damping of the PS (i.e. £ps) is low. In the test-case herein used (see Section 7), the damping was low enough. If this
were not the condition, different formulas for the optimal values can be used (e.g. [2]).

Employing Eq. (25) and the first condition of Eq. (48), the optimal value of F is

2 2
@psMisLwnm

49
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Fopt =
Therefore, the controller must tune F in order to make it as close as possible to Fopc and F can be changed by adjusting i, (see
Section 5.1). The second condition of Eq. (48) provides the optimal value for the damping of the ATMD (Eqgs. (46) and (47));
such a value can be reached by controlling the current iz and thus the voltage V.

The procedure described above evidences that an on-line estimation of mps and wps (Eq. (48)) is required (i.e. they are
assumed to be unknown a priori). Then, two different choices are viable: using a model-based control to adapt F and c, or
else a non-model-based control. The latter option has herein been opted for (i.e. non-model-based control), although the
models in Section 5 have been validated as well (see Section 8). The use of a model-based controller would have required to
employ Egs. (34)-(36) to link 6,, and T, and Eqs. (43)-(45) to link T and the control variable i,,, which would have made for a
much more complicated implementation of the controller itself. On the contrary, the non-model-based approach allows to



employ a simpler controller in practical applications, though a model-based controller could eventually be employed and
would still prove reliable.

The values of m and of L, are known. In fact, although Ly, changes with temperature T (Eq. (37)), these changes are so
small that they can be neglected in Eq. (49). The value of L, is thus fixed to a nominal value (see Section 7) when
computing Fop.

The following section describes how to estimate on-line mps, @ps, and the actual values of F and c. Then Sections 6.1.2 and
6.1.3 explain the kind of control used to drive the SMA wires and the eddy current damper, in order to reach the optimal
values of Egs. (48) and (49).

6.1.1. On-line estimation of parameters

Employing Eq. (15), the two of them can be summed, giving a further equation in which the terms dependent on f; and f;
are removed. The second equation of the system can be rearranged employing Eq. (25). Finally, the following system of
equations (expressed in matrix form) is obtained:

mel
X1 =[(—mXy —CpsX1 +CpsX3) (X3 —X1)] [ s}

e ()] 1]

The first equation of this system can be used to estimate mps and wps, While the second is employed to estimate ¢ and F. In
this paper the accelerations are measured, and velocities and displacements are computed by integrating acceleration signals.
All the terms in the raw vectors are assumed to be known, while those in the column vectors as unknown.

The algorithm used for on-line estimation is the gradient estimator [39]. Such a method requires to compare a measured
signal (i.e. X for the first equation of system 50 and X, for the second one) with an estimate of this signal dependent on the
unknown parameters (i.e. this estimate is achieved by means of the equations in system 50 in this case). The convergence of
the algorithm allows to obtain an on-line estimate of the values of mps, @ps, ¢, and F.

It is worth remarking that the measured signals are band-pass filtered around the resonance frequency of interest (cut-
off frequencies equal to 10 and 30 Hz in this case, see Section 7) before being processed in order to remove the influence of
the other modes of the PS. Obviously, this requires to have a rough knowledge of the eigenfrequency value associated to the
mode to control.

(50)

6.1.2. Control of the SMA wires

As soon as the value of F and F,p, are achieved by means of the on-line estimation procedure and Eq. (49), the control of the
SMA wires is activated in order to make F reach F. Then, this control continuously works thanks to a continuous estimation
of the actual value of F, mps, wps, and Fop.

The control strategy chosen to drive the current i, is a gain-scheduling control [39], in which two regions were identified
relying on an error signal. This error e(t) is defined as

e(t) = Fopt(t) —F(t) (51)

The two regions are defined as

® Region 1: e(t) > tol
® Region 2: e(t) < —tol

where tol is a fixed tolerance value. The interval + tol is centred around zero.
In both the regions a proportional integral control was used:

iw(t) = iWO + kpcwe(t) + kicw/. e(t)dt (52)

where i, is a constant current (its value depends on the region the controller is working in), ke is the proportional
coefficient of the controller, and ki, is its integral coefficient. Both the values of kpc and ki depend on the region the
controller is working in.

Before continuing, it is worth explaining why a gain-scheduling approach was chosen. In theory, a proportional integral
control without gain-scheduling could be employed for controlling the SMA wires. Nevertheless, gain-scheduling is a proper
tool for making the adaptation of the ATMD faster and more effective. The first advantage provided by such an approach is
that kpcw and kic, can be fixed to different values in the two mentioned regions; this aspect is important since the two
physical phenomena used to change the temperature of wires are different: the Joule effect to heat and convection to cool.
This difference requires different values of kv and kic, to be used in the two regions, to optimise the performances of the
controller. Furthermore, when a mistuning between the PS and the ATMD takes place (i.e. le(t)l > 0) and the sign of the
signal e(t) changes, the phase of the SMA wires must be changed to reach tuning again. Therefore, the idea is to quickly



change the value of i,, in order to ensure fast adaptation. Since there are two phases of the SMA wires, two regions are
defined (see above) and the following criteria are used:

® When the axial load is too high (i.e. e(t) < —tol, see Eq. (51)), the temperature T and the current i,, must be lowered. Thus,
the value of i, in this region should be low, allowing to shift quickly towards DM (this causes the wires to increase their
length: thus the springs shorten and the axial load decreases).

o When the axial load is too low (i.e. e(t) > tol, see Eq. (51)), the temperature T and the current i,, must be increased. Thus,
the value of i, in this region should be high, allowing to shift quickly towards AU (this causes the wires to decrease their
length: thus the springs stretch and the axial load increases).

This allows to avoid the use of a derivative term in the controller. In fact, a derivative term would have allowed a faster
adaptation but could cause errors in the steady state condition [40]. The use of the gain-scheduling approach, as here
discussed, allows to avoid using the derivative term, even ensuring fast adaptation.

In the considered test-case (see Section 7), the values of i,,o in the two regions have been chosen so to drive the system
quickly towards the transformation regions, as already mentioned: i,,0 must have values by which the temperature T is 80 °C
for region 1 (i.e. towards AU) and 75 °C for region 2 (i.e. towards DM) (Fig. 7). The electric current values corresponding to
these temperatures were calculated by means of Eq. (38) in steady state condition (i.e. with the derivative terms equal to
zero) and resulted to be 1.05 and 0.95 A respectively. The temperature values (i.e. 75 and 80 °C) were specifically selected
for the considered test-case (see Section 7): for different applications different values can be used.

When e(t) is close to zero within the fixed tolerance, the controller maintains the last value of supplied current.

6.1.3. Control of the eddy current damper
The eddy current damper is controlled by means of a proportional integral control on the control variable V as well:

V(t) = kpeaea(t) +kica [ eq(t)dt (53)

where kpcq is the proportional coefficient of the controller and kicq is its integral coefficient; e, is an error signal defined as
eq(t) = 2mwarvp (DEarmp (1) — ¢(t) = Catmp(£) — c(t) (54)

6.2. Second control algorithm

The second approach (APP2) relies on the shape of the power-spectrum of x; (see Fig. 1): the heights of the peaks P1 and
P2 (Fig. 8) must be equal (i.e. optimisation of the eigenfrequency of the ATMD in order to achieve the best vibration
reduction at resonance) and the height of point P3 (Fig. 8) must be close to those of P1 and P2, within a certain set tolerance
value (i.e. optimisation of the damping of the ATMD). First the condition on P1 and P2 is resolved and then the height of P3 is
tuned. APP2 requires to measure only x; and does not require to carry out an on-line estimation. Since APP2 works on the
shape of the power-spectrum, it is most effective when the random disturbance (as in the case here considered, see Section
1) on the PS is close to white noise over the considered frequency range. This is a reasonable assumption because the
considered frequency range is limited (i.e. few Hertz) in TMD applications. If this should not be the case, the same control
strategy must be applied to the FRF x;/x3 and the measurement of x3 will be necessary.

Control of the SMA wires has been carried out once again with a gain-scheduling control (Section 6.1.2) in which - in this
case - the error signal e(t) is defined as

e(t) = hpy(t) = hp1 () (55)
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Fig. 7. Working area of the SMA wires.
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Fig. 8. Power spectrum of x; (see Fig. 1) of a generic structure. Points P1 and P2 are the maxima, while P3 is the minimum between the maxima.

where hp; and hp, are the heights of P1 and P2 respectively. The control of the damper is once again proportional integral
(Section 6.1.3), in which - this time - the error e4(t) is defined as

hpa () +hp (1) hps(6)

eq(t) = 5

(56)

where hps is the height of P3.

The power-spectrum is a variable defined by an average procedure [41]. In this case the power-spectra are
computed with time-windows of 50 s and by 10 averages. These values are closely subordinate to the particular
system under investigation (see Section 7), since the number of averages needed to achieve a reliable estimation of the
power-spectrum strongly depends on the signal-to-noise-ratio and the time length on the required frequency resolution.

7. Test case structure

A scheme of the system used for testing the new ATMD is shown in Fig. 9a. It has been designed with the simplest layout
possible. Fig. 9b shows the PS with the ATMD mounted on it. In case of a generic PS a frame to mount the ATMD should be
designed as well.

The eddy current damper is constructed by binding the cylinder to the mass of the ATMD and the coil to the PS.

The excitation applied was random and provided by means of an electro-dynamic shaker placed close to the PS and on
the same substructure. The disturbance produced by the motion of the shaker propagated along the substructure made the
PS vibrate. Therefore, the disturbance was a base excitation.

Table 2 summarises the nominal data used to design and construct the PS and the ATMD. These data refer to variables
mentioned in the previous sections. The mode to be controlled is vertical with a resonance frequency at about 19 Hz and an
associated non-dimensional damping ratio of about 0.48%.

The values of m and L,, were selected in order to place the first eigenmode of the ATMD (Fig. 4) around the resonance to
be controlled and to have a ratio between mps and m close to 20, as indicated in the literature.

The four SMA wires are electrically connected in series, so to have the same current i,, flowing through them. The electric
resistance R,, of each SMA wire is about 0.4 2.

As for the eddy current damper, the design here proposed allows to reach a damping coefficient c; of about 4.6 N/m/s
with a supply current iy of 1 A (Eq. (47)). It should be remarked that this kind of actuator allows to greatly modify such a
value merely by changing its geometry and the number of turns of the coil.

8. Experimental tests

This section presents the results of experimental tests aimed at validating the models developed to describe the
behaviour of the SMA wires (Sections 5.1, 5.1.1 and 5.1.2) and at testing the effectiveness of the control methods proposed
in Section 6.

First, experimental tests were carried out without the damper (Section 8.1), then also the damper was used and the
whole ATMD was tested (Section 8.2).

In all the cases accelerometers were used to measure Xq, X,, and Xs. The technical data of these transducers are provided
in Table 3. Moreover, the axial load on the SMA wires was monitored by means of strain gauges forming calibrated half
Wheatstone bridges [42] on the elastic elements of the ATMD (Fig. 9). Finally, also the input currents to the SMA wires and
the eddy current damper were measured throughout the tests. All the signals were acquired by means of a 24 bit analog-to-
digital acquisition board (with anti-aliasing filters on board). The sampling frequency was 2048 Hz. The real-time control of
the SMA wires and the eddy current damper (as well as the acquisition of the signals) was managed by a Field
Programmable Gate Array (FPGA) device.
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Fig. 9. PS coupled to the ATMD: (a) representation of the system (the mass of the PS is laid down on four springs), and (b) photo of the actual system (the
picture was taken with a stress in the SMA wires lower than 50 MPa).

Table 2
Nominal data of the experimental set-up.

Mps m Ly Diameter of the SMA wires K N a Nag D Bmp

1.95 kg 100g 50 mm 0.5 mm 14628.5 N/m 500 6 mm 15 mm 1.5 mm 0179 T

8.1. Tests without the damper

The aim of these experiments was to validate the model describing the behaviour of the SMA wires (Section 8.1.1) and
to test the effectiveness of the control algorithms used to adapt the eigenfrequency of the ATMD (Section 8.1.2).

8.1.1. Validation of the model
In this test the SMA wires were supplied with two different values of the current i,,:

e 0 A, corresponding to a temperature T equal to the environmental one. In this case the phase of the SMA wires is DM
(Section 4);
® 1.55 A, corresponding to a temperature T of about 110 °C (at and above this temperature the transformation into AU is
completed with a stress of about 200 MPa; see Section 4). Hence, in this case the phase of the SMA wires is AU.
Fig. 10 shows the experimental FRFs between x3 and x; in the two cases and compares them with those achieved using
the numerical model above discussed.
The match is good, proving the numerical model reliable and that it correctly describes the dynamic behaviour of the
whole system (i.e. PS+SMA wires). Furthermore, the value of Rw (Eq. (8)) achieved experimentally resulted equal to 98.3%



(ie. (2166 Hz 1395 Hz) x 100, indicated by the arrows in Fig. 10). This result is close to the 103% value achieved numerically
A EE R

(Section 4).

Two final remarks should be brought to notice. The first observation to make is that the maximum current value used to
achieve the mentioned result for Rw is much lower than 2 A: this means that an extended frequency range can be achieved
employing a low current, in contrast to most of the referenced works where high currents are needed (e.g. [19]). This is made
possible by the use of SMA wires, in place of beams. The second observation to make concerns the damping of the whole
system (PS+SMA wires): Eq. (24) shows that the SMA wires introduce a force related to the relative displacement between
the ATMD mass and the PS mass. Nevertheless, there also is a damping component, related to the damping of the structure
composed by the ATMD mass and the SMA wires. This damping force is found to be almost dependent on the relative
velocity between the ATMD mass and the PS mass [19] for this set-up. Such a force is low if compared to the damping force
provided by the eddy current damper (the ratio between the two forces is higher than 10; see the details for the eddy current
damper force in Sections 7 and 8.2). For this reason the authors have decided not to model this additional force which would
have made the model more complex without adding significant improvements to its accuracy. Nevertheless, it must be taken
into account when the eddy current damper is switched off, in the case numerical results are required to have special
accuracy. The damping coefficient related to this additional force can be estimated by different types of tests (e.g. by carrying
out a modal analysis of the system composed by the ATMD mass, the SMA wires, and the elastic elements, mounted on a rigid
frame) [19] and the change of the force is almost negligible when changing phase from DM to AU (in agreement with [20]).
The damping coefficient was estimated equal to 0.2 N/m/s.

8.1.2. Tests of the efficacy of the ATMD to adapt its eigenfrequency
These tests have been carried out following this procedure:

the ATMD was mistuned at the beginning of the tests;

the ATMD took a certain amount of time to tune its eigenfrequency;

the PS was changed by adding - or removing — masses (i.e. mps is changed) by using magnets. This caused a mistuning
between the PS and the ATMD;

® then the ATMD tuned its eigenfrequency again.

The random excitation was provided in the frequency range between 10 and 25 Hz and the corresponding root mean
square value of ¥; was about 1000 mm/s? in mistuned conditions.

Fig. 11 shows the time history of i,, for three changes of mps. At point L; the on-line estimator reaches the steady-state
and the controller is activated (from t=0s to t=L,, i,,=1.05 A, because for time lower than 0s the SMA wires are not
supplied with current and the actual value of F is assumed to be too low, so that at time O s the current is automatically

Table 3
Technical data of the accelerometers used in the experiments.

Sensitivity Measurement range Frequency range Nonlinearity Transverse sensitivity Spectral noise (100 Hz)
10.2 mV/m/s? +490 m/s? 2-3000 Hz <1% <3% 33 um/s?/vHz
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Fig. 10. FRF of the complete system (PS+ATMD) between x3 and x; (i.e. x;/x3, see to Fig. 1): 0 A supplied (a) and 1.55 A supplied (b).
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Fig. 11. Time history of i,,,.

tuned to 1.05 A. See Section 6.1.2). At point L, a mass of 100 g is added to mps. At point L3 an additional mass of 100 g is
added to mps. At point Ly a mass of 200 g is subtracted from mps.

Fig. 12a and b respectively shows the corresponding FRFs (in steady-state condition) relative to the first tuning and to the
first addition of a 100 g mass for APP1. The FRFs for the remaining cases are not shown since the results are similar. The
concordance between the experimental and the numerical results is good, further proving the reliability of the model herein
developed. Furthermore, the gain-scheduling approach for the control with APP1 proves to be reliable. Hence, the ATMD
proves to be capable of following the changes of the PS (Fig. 12a and b).

As for APP2, Fig. 12c and d shows the FRFs in steady-state condition for the same changes of mps (same as of a and b).
Again the numerical results match the experiments and the control strategy proves to effectively follow the changes of the
PS. When the variation of the mass mps is high, employing APP2 makes for a slower adaptation than with APP1. Numerical
analyses showed that this result is strongly correlated to the signal-to-noise-ratio of the measured acceleration %; (i.e. the
lower the signal-to-noise-ratio is, the slower the adaptation is). Nevertheless, real systems are seldom affected by changes of
their dynamic features as sudden or high as in this case. Therefore, in practical applications, such a drawback could be often
neglected.

Table 4 summarises advantages and drawbacks of the two approaches.

Some further facts deserve to be pointed out. The kind of disturbance here taken into consideration is random noise and
the displacements at resonance are significantly lower in this case than in the case of a mono-harmonic disturbance,
because of the different frequency distribution of the power of the disturbance. This guarantees a much lower probability of
having a significant nonlinear behaviour of the ATMD (Eqgs. (24) and (25); geometrical nonlinearity) as compared to the case
of a mono-harmonic excitation. This latter case would probably lead to a significant geometrical nonlinearity. Therefore, a
random disturbance represents a favourable case under this point of view and it seems reasonable to consider the behaviour
of the ATMD as nigh linear.

Nevertheless, the model of the ATMD takes into account the nonlinearity as well and it is of general validity. The
nonlinear term is neglected when the control of the ATMD is taken into account. Two control strategies are proposed (APP1
and APP2). APP1 is valid as long as the linear approximation is valid and would fail when the nonlinearity tended to become
significant. Otherwise, APP2 (which works on the shape of a power-spectrum) is expected to work properly also in presence
of moderate nonlinearity. Indeed, as for the frequency representation of nonlinear structures, random excitation applies a
linearisation procedure to the behaviour of the structure, which is considered to provide an optimised linear model for the
test structure [43]. This means that the empirical approach of APP2 should not suffer too much from a moderate nonlinear
behaviour and would be still able to provide an attenuation of the average vibration of the PS. Of course, when the nonlinear
behaviour becomes dominant the frequency representation fails and a different control approach must be used, but this is
considered out of the scope of this paper. Different works on nonlinear TMDs are already available in literature (e.g. [36])
and they can be employed to properly drive the features of this ATMD. It may be mentioned that the problem of nonlinearity
in presence of high displacements does rise in most of the works on TMDs based on SMA referenced in this paper.

8.2. Tests with the damper
These tests have been carried out by adjusting the damping provided by the eddy current damper as soon as the SMA

wires are tuned (i.e. the eigenfrequency is tuned). For sake of conciseness, only results from a test with APP2 are here
reported, since similar outcomes resulted by using APP1.



(b)

—
()
=g

2 o experimental

— numerical

|FRF|

—~
o
-~

|FRF|

1072 1072
14 16 18 20 22 14 16 18 20 22

Frequency [Hz] Frequency [Hz]

Fig. 12. FRF between x3 and x; (i.e. x1/x3, see to Fig. 1): first tuning with APP1 (a), tuning after the addition of the first 100 g with APP1 (b), first tuning with
APP2 (c), tuning after the addition of the first 100 g with APP2 (d).

Table 4
Advantages and drawbacks of APP1 and APP2.

APP1 APP2

Advantages: no model of the system is needed, quick tuning of the system, Advantages: 1 signal to measure, no model of the system is needed, easy

robust to disturbances to implement

Drawbacks: 3 signals to measure (one of them is either the vibration of Drawbacks: Adaptation time dependent on the signal-to-noise ratio of the
the constraint or the force acting on the PS), implementation more measured signal, the random disturbance must be close to white random
complex than APP2 noise

Fig. 13a shows the FRF between x5 and x; (for the case of PS added with a mass of 100 g) after the eddy current damper
reached the steady-state condition. Although the numerical and experimental FRFs provided in Fig. 13a match closely, the
current required by the eddy current damper is quite different (0.74 A in the experimental case and 0.45A in the
simulations): this is due to inaccuracies in the model of the damper, mainly due to inaccuracies in foreseeing the behaviour
of the permanent magnet and the value of the magnetic field at the air-gap, which is affected by unpredicted dispersion of
the flux. Nevertheless, the feed-back algorithm proposed in Section 6.1.3 proved to work properly, achieving a good
dynamic behaviour in the frequency range around the PS resonance.

Finally, Fig. 13b shows some experimental FRFs between x5 and x; in order to gain clear understanding of the effect of the
ATMD. Two of them show the behaviour of the original PS (with the addition of a mass of 200 g): without the ATMD (dash-
dot line in the figure), and with the ATMD mounted and switched off (dotted line). The other two FRFs show the behaviour
of the PS with the maximum added mass during the tests (i.e. 200 g) with the ATMD mounted and in two different
configurations: with the SMA wires switched on and in steady state after adaptation and the eddy current damper switched
off (dashed line), and then with both the devices switched on and in steady state after adaptation (solid line).

It should be noted that the ATMD cannot adapt its dynamic features in case of power failure. This means that the ATMD
dynamic features must be tuned on those of the PS at environmental temperature (i.e. with no power supply to the SMA
wires) if a vibration attenuation is desired even in case of power failure. In this scenario, the eigenfrequency of the ATMD
can follow the changes of the PS eigenfrequency only if this latter parameter increases.

9. Conclusion

This paper has illustrated a new type of adaptive tuned mass damper based on shape memory alloys and eddy current
damping. The former element is used to adapt the eigenfrequency of the device, while the latter to tune the damping.
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Fig. 13. FRF between x5 and x; (i.e. x1/x3, see to Fig. 1) with the activation of the damping control. The starting condition for figure (a) is that of Fig. 12c (i.e.

with a mass of 100 g added), where the tuning of warmp is already achieved. Instead, figure (b) shows different FRFs with and without ATMD, for a direct
comparison.

The device proves to have a wide adaptation range in terms of eigenfrequency (about 100%), achieved by changing the
axial load of the shape memory alloy wires. The approach does not rely on changing Young's modulus, which would require
high performance materials. Hence, in the design herein proposed any kind of shape memory alloy can be used to achieve a
wide frequency range. Furthermore, low values of current are needed to reach this goal.

Two different adaptation strategies have been developed and compared: one relying on closed optimal formulas, and the
other on an empiric approach. The advantages and drawbacks have been highlighted in both cases. Furthermore, the model

developed to simulate the dynamic behaviour of the SMA wires has proven to be reliable so that it can be used for model-
based controllers.
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Appendix A

This appendix defines the symbols b and y in Eq. (34):

b= — a

(A1)
Wiy i
Lw " Ewau —&(Ewau — Ewpm)
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~ Owo (%*ﬁ) +aTo+H™(1-&)

y= Awi 1 (A2)
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Appendix B
This appendix defines the symbols in Eq. (35):
ag=GgBy;  b1g=GeAq+1+HyBy; byg=GqCy+Baly; Crg=HeAg; Cra=HqCq+14Ag; c340=Calg (B1)

where
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And the symbols in Eq. (36)
a;=GiBi;  b1;=GAi+1+H;B;; by;=GiCi+Bil;;

ci=HiA; i =HiCi+iA;  c3;=Clj;
where
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Appendix C

This appendix defines the symbols in Eq. (41)
Asq=b14" —4a4c14:  Bog=2b1gbyg—4a4020:  Coq=byq” —4agcsy
and Eq. (42)

2 2
Asj=bi;—4aici;;  Bsi=2byibyi—4aicy;;  Csj=Dbyi” —4aics;
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