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Abstract

This paper introduces a new vibration reduction system using a magnetostrictive (Fe-Ga alloy) bimetal actuator.
The proposed method (i) uses a magnetostrictive bimetal actuator instead of prevalent single material ones that
need an auxiliary temperature control system and (ii) utilises a novel disturbance rejection control scheme that
eliminates an unknown disturbance, without needing knowledge of its dynamics. In experiments, the vibration
source is demonstrated as an unbalanced motor attached to the tip of a cantilever beam, resembling a beam-like
element subject to ambiance vibrations. In the first step, the fundamental of this anti-vibration system is introduced
and described. Then, analytical and data-driven modelling for the combination of the beam, the motor, and the
bimetal is reported. These follow by model validation and impulse response analysis. Then, the proposed control
system is introduced in detail. Experimental results indicate that the control system results in 33.6% decrease in
beam vibration amplitude. Furthermore, the presented method in this paper can be employed as a design guideline
for future applications.

Keywords: Active control, Magnetostrictive bimetal, Galfenol (Fe-Ga), Feedforward control, System
identification.

Nomenclature

a Input current amplitude

k Constant coefficient

Iy Position of an applied force by bimetal
lg Position of laser point

I Position of an applied force by unbalanced rotating
m Beam mass

Mo Unbalanced mass

Meg Equivalent mass

p Applied force by unbalanced rotating
q Applied force by bimetal

Fint Internal damping coefficient

Fext External damping coefficient

w Displacement in the y-direction

(M1, My) Constant coefficients

E Young Modulus

G Green function

I Moment of inertia

L Total length of the cantilever beam

K Spring coefficient

N Bimetal coil’s turns

M Output tip displacement

Mm Unbalanced rotating

P Nominator coefficient of transfer function

Po Amplitude of Applied force by unbalanced rotating
Qo Amplitude of applied force by bimetal

Tq Period of damped vibration

Xp Tip displacement made by unbalanced rotating in the y-direction

Xq Tip displacement made by bimetal in the y-direction
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Greek symbol

@ The rotational velocity of unbalanced rotating

@n Natural frequency of cantilever beam

@d Damped frequency of cantilever beam

1) Logarithmic decrement

4 The damping ratio of beam

& Damping ratio in the Transfer function

)7 The effective mass of magnetostrictive bimetal per unit length
ue Relative magnetic permeability

@ The phase difference between input and output

1. Introduction

Unwanted vibrations are the most undesirable phenomena in many applications. Active control of the vibration in
the flexible structures plays a significant role in their performance. For example, precise motion in a flexible
robotic manipulator [1-4], suspension systems[5], noise cancellation[6], machining process [7, 8], and positioning
of mirrors in the next generation of space telescope [9] are the most prominent applications of active control
systems to eliminate or diminish these unwanted troublesome vibrations.

An appropriate actuator is an essential main component of any effective active vibration control system. Actuators
made of smart materials are more compact, reliable, and have higher response speed compared to conventional
actuators (such as hydraulic, pneumatic, electromagnetic, and electrostatic ones). Shape memory alloys,
magnetorheological, piezoelectric, and magnetostrictive materials are the most representative smart materials in
vibration attenuating systems. Shape memory alloy (SMA) is one of the promising smart materials for passive
and active anti-vibration systems in mechanical and civil structures [10]. Many researchers employed SMA to
attenuate the generated disturbances of a gimbal-type antenna of satellites [11-13] or gimbal cameral stabilizer
[14]. Compactness and high-strain combined with the lightweight make SMA very applicable in vibration control
systems. However, its hysteresis behaviour, low-frequency response time, and high sensitivity to environmental
thermal disturbances impose reservations on the use of this material. Magnetorheological materials in which their
damping coefficient changes with the magnetic field are suitable candidates for semi-active control systems [15-
17] and passive damping systems [18]. Despite high energy density and large generated force, magnetorheological
material suffers from a low-frequency response and large required space for its drive system. Rapid development
on flexible piezo elements since 2010 encouraged many researchers to employ piezo elements patches for a wide
range of vibration control systems. For instance, piezo-actuated active control systems were employed in
machining [19], wind turbines [20] and robot manipulators [21], and semi-active ones in automobile suspension
systems [22]. Furthermore, different configurations of passive attenuation systems using shunted piezoelectric
elements were reported [23-26]. Some researchers propose finite element models for the active vibration
mechanism [27] or used the genetic algorithm to optimize the location and orientation of piezo sensors and
actuators in active vibration control of planes [28]. Although the high-frequency response of piezoelectric patches
are appropriate in medium-range temperature (i.e. 75-200 °C) [29, 30], and they are affordable [31, 32], low
coupling efficiency, depolarization issue, and development of micro-cracks over time make their lifetime short
and unviable in long-life applications [33].

Among all available smart materials used as actuators in an active vibration control system, magnetostrictive
materials are the only candidate that performs well in harsh environments with high energy density [34, 35]. By
discovering giant magnetostrictive materials (GMMSs), especially Terfenol-D, in the 1970s, many researchers tried
to model its Hysteresis behavior [36-38]. GMMs were employed for different applications such as sensors [39,
40], energy harvesters, and actuators [41, 42] including actuators in active vibration control of structures [43, 44].
As an instance of the latter application, Geng employed Terfenol-D to develop a six-degree-of-freedom (DOF)
Stewart platform that can successfully attenuate vibrations up to 30 dB [45].

Despite all advantages of single-metal magnetostrictive actuators, their strain is influenced by two sources 1)
magnetic field 2) thermal expansion due to generated heat by excitation coil or environment’s temperature. To
compensate for the thermal strain, it is required to use a temperature sensor along with a control system [46, 47].
In other words, the single-metal magnetostrictive actuator needs recalibration when it is used to operate in an
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environment with a temperature different from standard temperature. To resolve these drawbacks, for the first
time, in 1969, Nayman employed a magnetostrictive bimetal actuator (instead of a single-metal magnetostrictive
actuator) to control devices [48] and other researchers employed it to develop sensors, actuators, and
harvesters[34, 41, 49, 50]. As a significant advantage, the bimetal actuator (i.e., composed of two ferromagnetic
layers with very close thermal expansion coefficients) practically does not witness the aforementioned thermal
strain operating in a wide range of operational temperatures. Hence, there is no need for a temperature control
system or any soft/hardware recalibration system anymore, which makes the control system simpler and more
affordable [51]. The vibration of tools in lathe machine (i.e., chatter problem), the vibration of a manipulator in
pick/place robots, and vibration of the mirror in the next generation of the space telescope in cryogenic conditions
can be controlled by our proposed mechanism. All of these structures can be simplified as a cantilevered beam
fixed under forced vibration condition. As a matter of novelty, this paper presents:
i) an active vibration system that attenuates the vibration of a cantilever beam operating without using
temperature sensor or any recalibration process.
ii) a control scheme, which rejects the effect of any unknown disturbance, without the need for any knowledge
of its dynamics.

2. Structure of the Proposed Control System
2.1. Principle of Operation

In this research, the active anti-vibration system is made of two main physical parts (i) a sensing component and
(ii) the actuating component. As shown in Fig. 1, the proposed system controls the vibration of a Nickel cantilever
beam excited by a rotating unbalance motor at its tip. The sensing component is a laser displacement sensor
detecting the vibration of the tip of the beam. This sensing element operates based on the triangular optical beam
using a position-sensitive detector (PSD). The actuation component is a magnetostrictive bimetal beam that acts
against the excited vibration and attenuates the amplitude of the vibration generated by the rotating unbalance
mass. The actuation part consists of a permanent magnet (PM), bimetal, excitation coil, and Nickel beam that
makes a closed-magnetic circuit. As shown in Fig.2, the bimetal is a composite metal comprising of two or more
metallic layers with a different magnetostrictive coefficient which bents when subjected to a magnetic field [34].

Laser Sensor Displacement
A

Unbalanced Rotating
B: Strong field

Normal magnetic flux )
— A: Normal field

1 T X .
% | M Clampsd Beam C: Weak field
§ Bimetal Magnetic field i

Excitation coil
Non-Energized Bimetal

b
(@) (b)

Laser Sensor Laser Sensor

Weak magnetic flux

-

Energized Bimetal- same direction field Energized Bimetal- opposite direction field

(c) (d)

Fig. 1. Schematic of the proposed active anti-vibration system (a) non energized bimetal (normal field) (b) effect of magnetic
bias on displacement-magnetic field curve (c) energized field is at the same direction of magnetic field (strong resultant
magnetic field) (d) energized field is in the opposite direction of magnetic field (weak resultant magnetic field)
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Fig.2. Principle of magnetostrictive bimetal [34]

The bimetal used in this research is composed of two strips: the Galfenol strip (Iron-Gallium alloy) and the non-
ferromagnetic stainless steel strip (SUS 316) with approximately the same thermal expansion coefficient
(=10 x 107%/°C). The strips are bonded to each other by epoxy glue. The model and performance of the developed
bimetal will be investigated in the following sections. Employing PM in the magnetic circuit has two main merits.
The first is that it helps to increase the tip displacement range of the cantilever beam and keep the frequency of
excitation and displacement equal. The next one is using the linear part of the displacement-field curve. Fig.1a
shows a closed-loop magnetic field generated by the PM in the circuit. This magnetic bias will shift the operating
point of the actuator to one side of the displacement-field curve. For example, the operating point shifts from O
to A (Fig.1b). Assume the positive current generates a magnetic field with the same direction of PM’s field and
moves point A to B. Having a strong field causes upward displacement at the tip of the cantilever beam (Fig.1c).
The negative current weakens the PM’s field to provide downward displacement at the tip of the beam from B to
Aand C.

2.1. Analytical Modelling of a Beam Subject to the Proposed Control System

As explained in the previous section, the cantilever beam (Fig. 3) which is vibrating by an unbalanced rotating
force p(t), is controlled by the proposed control system. The deflection of the beam at vibrating end x = [ is
measured by the laser sensor. A bimetal actuator applies the counteracting force, q(t). The cantilever beam is
realistically considered as a uniform Euler-Bernoulli beam, which has only vertical transverse vibration (the
effects of shear deformation and rotary inertia of the beam are negligible). The applied force generates a moment
on the magnetostrictive bar. The absolute displacement of the beam can be presented as [50]:

0*v(x, t) 0%v(x,t) ov(x,t) 9°v(x, 1)
El Ox* +u 9t2 Text ot Tint ax4ot =q(x,t) +p(x,t), (1)
where v(x,t) is the vertical displacement of the beam at the point x in the y-direction at time t. Furthermore, two
damping factors are separately considered in this research. First, external damping factor, rex, which is influenced
by the environment (e.g. air damping) and the internal damping, ri: , factor, or strain-rate independent damping
(SRID), defined based on the theory of energy dissipation in solid media due to internal friction. Assuming that
the applied oscillating forces to the cantilever beam are harmonic, they can be presented as:

p(x,t) = Py e/9ts(x — 1,.),

q(x,t) = Qo e/°t8(x — 1). 2

Since the damping factors are considered in Eq. (1), the displacement of the beam, v, is considered to be complex.
Therefore, Eq. (1) can be written as Eq. (3).
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Fig. 3. Schematic of the proposed active vibration system

where v(x,t)=Re{w(x,t)} Eq. (3) is a partial differential equation, and its solution is defined as using variable
separation assumption [43]:

w(x, t) = X(x)T(t) = X(x)e/®t . (4
By substituting Eq. (4) in Eq. (3):

*X(x) | (w? = jTeyw) _ Pdx— b)) | QobCx — 1) 5)
ox* (El + jrincw) (El + jripew) ~ (El + T, )

Considering the superposition principle, the solution of the Eq. (5) is equal to the sum of the particular solutions
for the following equations:

0*X(x)  (Mw? — jTepew) _ Pd(x— 1) (6)
Ox* (EI + jrp,w) (EI + jrip,w)’

0*X(x) (pw? —jTextw)X _ Qo8(x— 1) @
0x* (EI + jrip ) (El + jripw)

The solution of Eq. 6, X, can be found by Green function as:

X,(0) = [ FU) G, 1) dly
®

Green function in Eq. (8), G(x,l,), is the response of the beam to a unit force. Therefore, Eq. (5) should be re-
written in this form:

a*X(x) (sz_]'rextw) _ 6(x-ly)
ax* EljTing@) ©  (El+jrim@) 9)

Applying the Laplace transform to Eqg. (9), and solving the resultant in s (Laplace variable) domain leads to :
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£,(s) = — [ e +s3X(O)+52X’(0)+5X”(O)+X”’(0)], (10)

(s*=k®) LEI+jTinew)
where (') demonstrates derivative against x and

4 _ (sz _jrextw)

NGETOR (1)

Eqg. (10) includes four unknowns. The boundary conditions of the beam are employed to reduce these unknowns
to two. The cantilever beam is fixed in one end (x=0), so the displacement and the slope (derivation of the
displacement) are zero at this end. At the other end of the beam (x=L), the beam is free and there are no bending
moments and shearing force at this end:

X(0)=0,

x=0= (D70 (12)
X"(L) =0,

x :L:’{X"'((L))zo. (13)

By employing these boundary conditions, the inverse Laplace transform of Eq. (10) is written as:

Xo(r L) = 1[(sinh k(x —1,.) —sink(x — [,))u(x —1,)
p0l) =3 K3 (El + it )
h k(x—1,) —cosk(x — 1,
+cos (x 2{2 cos k(x )X”(O) (14)
N sinh k(x — lris— sink(x — L) X”’(O)] ‘

where u(x — [,.) is a unit step function and X" (0) and X"’ (0) are values of derivatives of the function X,, at
position x=0. To calculate these variables, the derivation of function X(x, ) are needed:

. _ 1[(sinh k(x —1.)+sink(x —1,)) "
X"(x, 1) = E[ RGBT + jrad) + (cosh k(x —L.) + cosk(x — 1)) X" (0) &
sinh k(x — 1) +sink(x — 1) (15)
+ X"'(0)
k
1 h k(x—1.)+cosk(x—1
X1,y = L [Cosh kG = b) eosk@ = 1)) |y ion ke 1)
2 El + jryco (16)

—sink(x —1.))X"(0) + (cosh k(x —1,) + cosk(x —1,))X""'(0)

By substituting Eq. (15) and Eq. (16) in (14), X(x, [,-), can be obtained. Since X(x, [,) represents the green function
of Eg. (8), we have:

G(x, L) =X(x,1,)

= S 1,-%(») [(sinh k(x —1,) — sink(x — [,)) ux — 1) an

+ Ml((sinh k(x—1,) —sink(x — ) u(x — lr)) + M,((cosh k(x —1,) + cosk(x — lr))] ,

where
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M,
(sinh (L) —sin (L))(sinh (L — ) + sin(L — 1)) — (cosh (L) + cos (L)) (cosh (L — 1) + cos(L —1,)
(cosh (L) + cos (L))? — (sinh (L) + sin (L))(sinh (L) — sin (L)) '

(18)
M,
_ (sinh (L) + sin (L))(cosh (L —1,) +cos (L —1.)) — (cosh (L) + cos (L)) (sinh (L —1.)+sin(L —1,)
- (cosh (L) + cos (L))? — (sinh (L) + sin (L))(sinh (L) — sin (L)) '
since Green function, G (x, 1,) , is known, G (x, [,.) can be substituted into Eq. (8) and X,,(x) is found:
1 a .
X, = 2B + jr@) )y (sinh k(x — 1) —sink(x — L)) u(x —1L.) )
+ My ((sinh k(x — 1) —sink(x — [,)) u(x — 1)) + My((cosh k(x —1,)
+cosk(x =L )f()dl..
Similar approach is being followed to find the solution of Eq. (7) X,(x):
1 fa :
Xq = 2K (B +jrintw)f0 (sinh k(x — 1) —sink(x — [)) u(x — 1) 0)
+ Ml((sinh k(x—1,) —sink(x — ) ulx — lb)) + M,((cosh k(x — 1)
+ cosk(x — L) fp) dl,.
and by adding up X, and X, , resultant displacement X is finally concluded as:
X=X,+X, . (21)

2.2. Numerical Analysis of the Magnetic Circuit using Finite Element Method (FEM)

To analyse the magnetic circuit of the developed anti-vibration system, a 2D model is employed to show the
magnetic flux with and without coil excitation in the presence of magnetic bias. The 2D model of the system with
5416 nodes is created based on six areas of Iron, Nickel, bimetal, air, PM, and coil. The areas mesh with element
PLANE13 in ANSYS software (Fig. 4). Table 1 shows the characteristics of items employed in the model’s areas.
Figure 5 shows the 2D flux distribution of the anti-vibration system with the closed-magnetic circuit generated by
PM, Nickel cantilever beam, iron support, and bimetal surrounded by the coil. Figure 5a depicts the magnetic
flux generated only by the PM when the coil is not energized. After energizing the bimetal’s coil, if the generated
field is in the same direction as the PM’s field, a strong field will be generated (Fig.5b). The PM’s field will be
weakened when the direction of the magnetic field is in the opposite direction of PM’s field (Fig.5c).

Tablel. Physical characteristics of main parts for numerical analysis

Items Magnetic Specifications Values
Relative permeability 1
Permanent magnet (NdFeB) Hc (kA/m) 1000
Br (T) 1.4
Copper coil Relative permeability 1
Nickel Relative permeability 350
Air Relative permeability 1
Galfenol (bimetal) Relative permeability 250
Stainless steel (bimetal) Relative permeability 1
Iron Relative permeability 1500
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Fig. 5. 2D magnetic flux (a) only PM with no exciting coil; normal field (b) excitation coil with the magnetic field at the
same direction of PM’s field; strong field (c) excitation coil with the magnetic field at the opposite direction of PM’s field;
weak field

3. Experimental Setup and Data-Driven Modelling
3.1 Experimental setup

The experimental setup shown in Fig. 6, consists of three main components (1) cantilever beam with an
unbalanced rotating mass at the tip, (2) LK-HO05 laser displacement sensor, and (3) a bimetal actuator produced
by authors connected to the main cantilever beam by a permanent magnet. The cantilever beam can be excited at
different frequencies as the voltage supplied to the unbalanced rotating mass system varies.

To generate disturbance, the unbalanced rotating mass system is energized by a variable voltage that is
corresponding to vibration with frequencies from 10 to 90 Hz. The deflection made by the unbalanced rotating
mass system (resembling environmental forces) can be reduced by a well-manipulated counteracting force applied
by the bimetal actuator (Fig. 7). A control system manipulates the actuator force to serve this purpose. The laser
sensor measures the displacement at the tip of the beam and feeds it to a computer through an Advantech, PCI-
1710 U 1/O card. A controller within the computer uses the measures signal and sends a command to a linear
power amplifier, AETECTRON (model 7114), through the 1/O card. Then, the amplifier provides an electrical
current to the bimetal actuator accordingly. MATLAB/Simulink (particularly Real-Time Desktop toolbox) was
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used for the implementation of the aforementioned control system. However, the system suffers from a technical
limitation as the output signal of the I/O card can only have a positive range ([0-10] V). To resolve this issue, the
controller was designed so that its output remains in the range of [-5 +5], then the output signal of the controller
is added by 5 within the computer, so the input command to the 1/O card varies within the range of [0 10]. Then,
after the 1/0 card and before the amplifier, the voltage signal, which is in the range of [0 10] V, is shifted down
by 5V. As a result, the negative part of the control command is practically covered. Since the unbalanced rotating
mass system is a non-ideal source of vibration, it is a good source to examine the performance of the employed
controller. The bimetal’s coil is excited by an amplified signal with different frequencies (Fig. 8).

Laser sensor

Fig. 6: Fabricated anti-vibration system
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Cantilever Beam

»

Nickel Beam

2277

MsM Bimetal Actuator

Linear Power Remove the DC
Amplifier Bias
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A/D card (PCI- 1710U)

Control Scheme

(a)
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Fig.7. The anti-vibration system (a) schematic (b) real configuration

Data acquisition
card

— ’ - = AN r_i S
7 Laser sensor [5rs

5, -
= .__q':". =

1‘%\
=N Power amplifier

MsM Bimetal .= ' —— ———
/—\ .\- \ - = ——

Fig.8. The real active control system
3.2. Impulse response analysis

By considering the vibrating compound (the beam, the motor, and the bimetal) cantilever beam as a single DOF
system, its damping ratio can be measured easily from Eq. (22) [50].

Text = 2CTneqwn , (=77, 22)

where
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x() 23
T+ Ty 23)
and Ty is the period of damped vibration. Figure 9 represents the tip displacement of the beam against time when
excited by an impulse. The damping ratio of the cantilever beam can be calculated easily using this figure. Ty is
about 14 ms and the two successive amplitudes are 0.049 and 0.043. From Eg. (22) and (23), the damping ratio
and rex of the cantilever beam, are calculated as 0.02 and 0.538, respectively. Since the Nickel beam is annealed,
we considered a small value of 0.01 for internal damping (rin=0.01). The damping ratio is very small and therefore,
the natural frequency of the magnetostrictive bimetal is very close to the damped frequency and can be calculated
as:

_ wg 4488
J1-¢82  V1-0.022

Wn

= 448.89 <g> (24)

The mass of the beam m is of 25.2 gr, and the attached unbalanced rotating My, is 20.4 gr. Hence, the equivalent
mass m,, of the cantilever beam can be approximated as [52]:

_ 33
T 140

33

m,
eq 140

M, +m =-220.4+ 25.2 = 30 gr, (25)

and consequently equivalent bending rigidity El is found as:

K 3El,, ,
o= [ /30X13 = El,, = 147N.m (26)

The calculated El is assumed as the equivalent El of the vibrating compound. Table 2 shows a summary of
values of all parameters measured in the setup.

Deflection (mm)

!
1.52 1.53 1.54 1.55 1.56 1.57 1.58 189 1.6
Time(sec) o

Deflection (mm)

1.52 1.525 1.53 1.535 1.54 1.545 1.55
Time(sec)

Fig. 9: Natural frequency measurement of the vibrating components using impulse response
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Table 2. Parameters of the anti-vibration system

Parameter Value
L (total length of the cantilever beam) 90 mm
Impedance of Bimetal excitation coil @60Hz 1.39Q
Inductance of Bimetal excitation coil @60Hz 44.8 mH
Bimetal excitation coil turns 90 turns
Bimetal excitation coil diameter 0.3 mm
Elequivalent 1.47 N. mz
rine (internal damping coefficient) 0.010
rext (external damping coefficient) 0.005
u (The effective mass of magnetostrictive bimetal per unit length) 0.1644 kg/m
Permendur relative permeability p° 600
I (position of an applied force by unbalanced rotating) 75 mm
Ip (position of an applied force by bimetal) 30 mm
lg (position of laser point) 89 mm
wy) Experimental: Measured natural frequency of cantilever beam 71.44 Hz
w 64 Hz

3.3. System Identification

To design an appropriate control system, it is vital to identify the dynamic behaviour of the vibrating compound,
a combination of the beam, the unbalanced rotating mass system, and the bimetal actuator. This combination is
considered as a simple one DOF mass-spring-damper system. The vibrating compound is energized through the
bimetal’s coil (input signal) u(t), and the deflection of the beam y(t) is considered as the output of the system. The
bimetal’s coil is excited by the signal generated by the function generator after being amplified by the linear power
amplifier (AETECTRON, model 7114). The unbalance rotating mass system does not rotate during the
experiments reported in this subsection. The gain value of the linear amplifier is set to be 10, similar to all other
experiments reported in this research. The coil is energized with sinusoidal current functions with a constant
current amplitude of 1A and at sixteen different frequencies from 10 to 90 Hz. The vibrating compound, assumed
as a mass-spring-damper system, has the transfer function of s suits Eq. (27 and 28)

Y(s) = G(s)U(s), (27)

P

G = )
) 52 4 28w, s + wy?

(28)

where, Y(s) and U(s) are the Laplace transform of output (beam tip displacement) u(t) and input (the excitation
current of the bimetal) y(t), respectively.

u(t) = asin(wt) p y(t) = M sin(wt + ¢)

G(s) = $% + 28wys + wy? "

Fig. 10. The transfer function of the vibrating compound

Figure 10 shows the input and output of any single-input single-output linear system, such as the vibrating
compound of this research, where the magnitude M and phase ¢ follow [53]

{M(w) =G () ls=jo,
¢(w) =< G($)s=jo-

Calculation of M(w), with the use of Eq.(29), of the transfer function of Eq. (28), leading to Eq.(30):

(29)

AM?w? + BM? 4+ C = -M?0* (30)
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where = —2w,,? + 4&?w,? , B = —w,* and C = —P?. Since the amplitude of the tip displacement and bimetal
excitation current are known (can be measured via experiments), M is known at each exciting frequency w
energized the coil in this experiment. All these sixteen pairs of M and w are used to find three unknowns of A, B,
and C. To do so, Eq. (30) are written for all sixteen frequencies with known M to obtain Eq. (31) which returns
A, B, and C.

Mlzwlz M12 1 A _M12w14
: : |[|B| = : . (31)
M162w162 M162 1]1C _M162w164

Eq.(31) can be optimally solved using the Least Square of Errors (LSE) method [54]. Triple unknown parameters
of Eq. (28), found with the use of obtained A, B, and C from (31), result in Eq. (32), where (") refers to estimation.
That is Eq. (32) provides an estimation of the real transfer function of Eq. (28).

3.08 x 10°

G(s) = 32
(8) = 2741525 7 2052 X 10° (32)

Figure 11 shows the amplitude of beam tip displacement versus bimetal excitation frequency both for the
experimental results and the identified model. A good agreement is seen between the experimental dynamic
behavior of the vibrating compound and the corresponding behavior predicted by the identified model via Eq.
(32).

S
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b
T

—O— Experimental data
- % - Identified model
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<
N
T

0.15 - 7
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§=228-3-"83
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Fig. 11. Frequency response of the vibrating compound
4. Control Scheme

There are several types of control schemes employed in anti-vibration systems. All try to retain the vibration
amplitude of the main structure at the minimum possible level. Moon et al. proposed a linear quadratic feedback
controller for a linear magnetostrictive actuator in a real-time application and can reduce displacement and
acceleration in the first four modes by at least 75% [55]. Bian et al. incorporated a multi-mode adaptive positive
position feedback algorithm and feedforward compensator and used it as the controller to enhance the
effectiveness of vibration suppression [56, 57].

In this research and many similar works, the objective of vibration attenuation is to reduce the displacement caused
by an external vibration source towards zero. This displacement is a disturbance in terms of control, the effect of
a non-manipulated cause (i.e. external vibration). Feedforward methods are widely employed to reject disturbance
[58, 59]. However, these methods need disturbance dynamics or the relationship between external non-
manipulated cause and the disturbance. Although, it is possible to identify such a relationship in lab environment,
where the disturbance is artificially generated (e.g. with an unbalanced motor); in reality (e.g. the effect of wind),
such a relationship is extremely hard to be found. As a matter of novelty, this paper presents a control scheme,
which rejects the effect of any unknown disturbance. In this research, to have a general method, the displacement
caused by the external vibration source (the unbalanced rotating mass system) is seen as an unknown disturbance,
d.
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The aforementioned novel control scheme is presented in Fig. 12, with a reference or desired tip displacement of
r, which equals zero in this research. The open-loop system includes the vibrating compounds (the bimetal, the
beam, and the unbalanced motor).The G transfer function of the vibrating compound, presented in Eg. (28),
relating the bimetal current u to the beam tip displacement, while the unbalance does not rotate, i.e. there is no
disturbance (d=0). y and y, represent displacement with and without the effect of the disturbance, respectively. In
subsection 3-2, y and y, were equal in absence of the disturbance.

Components peculiar to the closed-loop control system are: (1) C(s), the controller, (2) G(s), Eq.(32) and an
approximation of Eq.(28), which estimates y, based on u , and (3) G;,(s) , a realizable approximate inverse of
G(s). This component contributes to the removal of disturbance from the closed-loop system dynamics.

r CP T N
C(s)| |

4o Ly =yt

Qo

_ éin (S)

Fig. 12. The control scheme of the anti-vibration system

Ideally, G(s) = G(s) and G, (s) X G(s) = 1. In such an ideal situation, 9, = uG(s) = uG(s) = y,; therefore,
d=y,+d—9,=y,+d—y, =d.Asaresult

u(s) = CE(s) = y() — 55 (33)
With such a control law, in an ideal situation, y(s) = G(s)u(s) = G(s) (C(s)(r(s) —y(s) —%) + d(s);
thus,

y(s) = C()G(s)(r(s) — y(s)). (34)

Eq. (34) represents a simple feedback control system, as shown in Fig. 13, where the reference, i.e. the desired
displacement, is zero. That is, the effect of disturbance is canceled, ideally, as if it does not exist. A P-action
feedback controller or gain of Kp was chosen for the control system, or C(s)=Kp. With the use of equation (32),
the closed-loop transfer function of the control loop presented in Fig.12 is developed as Eq.(35):

_y(s) _ 3.08X10°xKp
Go(s) =25=3 5 - (39)
r(s)  s2+41.525+(20.52+3.08xKp)x10

For any Kp larger than 0.0053, both poles of the closed-loop system are complex, and their real value is -20.76.
Such a negative real value of poles, considerably far from zero, shows the stability of the control system. The fact
that the closed loop system is always complex means that oscialltions/vibrations will be still there, even at low
amplitudes of disturbance. The higher gain, the higher absolute value of the imaginary part of the closed poles,
the higher frequency of oscillation. As high frequency vibration demands relatively high energy and fades faster,
the higher values of control gain will beter attenuate the unwanted disturbance. By the way, inaccuracies in the
identification of G (s), particularly due to nonlinearities, may diminish the performance of this control system.
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r C(s)nG(s) y

Fig. 13. The equivalent of the control system presented in Fig.11 at ideal situation

The last step to clarify the control system presented in Fig.13 is to develop G;,(s), equivalent to an inverse of
G(s), Eq.28, in which its inverse is not proper and realizable. In a proper transfer function, the order of the
denominator is higher than or equal to the order of the numerator. To assure properness, terms of (1 — s/p;)3 are
multiplied to the denominator of an improper transfer function to increase its order, p; is a stable pole much further
from O than existing poles of the transfer function. In this research three identical p; of -10 were added to the
inverse of G(s) to develop G, (s):

s? +41.52s + 2.052 X 10°
3.08 x 105(1 + 0.15)3

éin(s) = -

5. Results and Discussion

Figure 14 shows the amplitude of the vibration on the tip of the cantilever beam in the absence of a control system.
The nominal amplitude of vibration varies from 550 to 650um. To investigate the effect of the control system
(Fig. 15), gains of 0.15, 0.25, 0.5, and 0.75 are used instead of C(s). The attenuation percentage increases with the
gain value; however, the energizing current of the bimetal increases too much. Therefore, based on the current
density limitation, it was found that the maximum implementable value of controller gain is 0.75. As an example,
Fig. 16 shows that the low controller gain of 0.15 attenuates the vibration by about 14.9%, while this attenuation
reaches 33.6% with a gain of 0.75. Frequency response without and with the control system with gains of 0.15
and 0.5 are presented in Figs. 16 and 17, respectively. Comparing Figs. 16 and 17 confirm that a higher gain value
causes a higher attenuation rate. Furthermore, the proposed anti-vibration system is particularly suitable to
attenuate the effect of external disturbance on beam displacement in frequencies between 55 Hz to 90 Hz. As
mentioned in section 4, the proposed control scheme uses no knowledge of disturbance dynamics. Hence, it is not
comparable to methods that control known disturbances. As an idea for future investigations, the proposed C(s)
may be chosen as a PID designed with a robust control technique, e.g H., to possibly compensate inaccuracy in
the identification of G(s) to some extent. By the way, even with the suggested approach, dynamic cancellations
leading to (34) will remain imperfect due to model inaccuracy.
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Fig. 14: Displacement of the beam tip without any input signal, driving voltage of the motor is 2.5 V, driving frequency of
the unbalanced rotating is 63 Hz,
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6. Conclusions

This paper presents a new active anti-vibration system using a magnetostrictive bimetal actuator. This system
was employed to reduce the effect of unwanted external vibrations on a cantilever beam. The proposed method
has two advantages over existing similar systems: (1) use of magnetostrictive bimetal actuator without employing
temperature sensor and any recalibration proses, and (2) it can suppress vibrations without knowing the details of
external vibrations (disturbance) and their source. To simulate an unwanted environmental vibration, an
unbalanced rotating mass system was mounted to the tip of the beam; however, its information was not used in
the design of the control system as the method has been designed to attenuate any unknown external vibration. In
the first step, the principles of this anti-vibration system were explained. Then, an approximate analytical model
was developed for a beam subject to the proposed control system and external vibration. Afterward, the impulse
response of the combination of the beam, the unbalanced motor, and the bimetal (vibrating compound, in this
paper) was investigated, while the unbalance did not rotate. At the next stage, an empirical model of the vibrating
compound (again with non-rotating unbalance) was developed. A very good agreement between experimental
results and the identified model was achieved, which proves the model can predict the dynamic behaviour of the
vibrating compound. Finally, an innovative control system including three components was designed, analysed,
and implemented, which demonstrates the capability of about 33.6 % reduction in vibration amplitude of the main
system (the beam vibration amplitude).
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