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Abstract. In this article the development of an experimental platftoranalyze and control the deformation of a flexible
aluminum beam subjected to external disturbances is de=tri In the proposed platform, strain-gauges are used to
measure the deformation of the beam in a simply clamped mbde 8hape Memory Alloy (SMA) wires, presenting a
nonlinear behavior, are used as force actuators. Data asitjon and control are implemented with an ADuUC micro-
controller based card. The system answer in open-loop wed tesidentify the mathematical model of the mechanical
system. To find the appropriate controller and to reach that performance of the system, it was used techniques of direc
tunning (pole-zero cancellation) in the identified modéle PI controller has been used to control the deformatiomef t
beam for different types of reference signals as squarassidal and triangular. The frequencies of the referengaais

has been varied to observe the bandwidth that the systeneanisithe microcontroller card is connected to a computer
running LabView software to visualize the measurementsgraghic user interface. Experimental results are used to
demonstrate the usefulness of the PI controller in the psed@latform.
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1. INTRODUCTION

Mechanical systems are frequently prone to suffer bothriialeand external disturbances, which gives rise to de-
formation and/or undesirable mechanical vibrations pgttt risk the very structural integrity of these systemse Th
problems involving deformation and/or vibrations in stural systems may be solved by employing conventional con-
trol techniques such as those used in conventional actuggtactrical, hydraulic and pneumatic). These actuatods fi
it difficult to generate sufficient power when their sizes areghts are somehow reduced. However, non-conventional
actuators, such as the shape memory alloy (SMA) have becdrighly attractive alternative to conventional actuators.
This is mostly due to its unique capacity of recovering fromfodmations, that it can be used to generate great forces and
great displacements, mainly when low frequencies are red(Limaet al,, 2007).

Some applications carry out an on-off control when they iisge memory alloys as actuators (Khietral,, 2007).

For more complex applications, one is advised to implementrol techniques capable of controlling the SMA actuator’
force and temperature so as to secure better performancaamedstability. The lack of an accurate control technique is
one the factors that most frequently impede a great numbestafitors from being employed.

Song and Ma (2007) points towards the viability of using 2008MA wires in order to control an aircraft flap (one
wire to move the flap upwards, the other to move it downwargshbans of a robust non-linear controller in place of the
conventional actuators.

Khidir et al. (2007) have demonstrated that it is possible to use SMA vateisg a flexible beam, dividing it into
equally spaced segments so as to make possible to establisliamovement by means of an on-off control.

Moallem and Lu (2005) demonstrate the viability of using SMikes for non-linear control of force so as to control
the position of the flexible beam by using a linearized fee#ltiy means of the non-linear system theory.

This work describes the development of a platform to meaandecontrol the deformation on a simply supported
flexible aluminum beam, on which is subjected to a static rapitial load and external disturbances stemming from an
electro-dynamic exciter. On the developed platform, elecesistant extensometers were employed to measure beam
deformation. Wires made from a Ni-Ti-Cu shape memory all@revused as force actuators. Both data acquisition
and control are implemented with an ADuC microcontrollesdzhcard. An open loop response was used to identify the
system’s mathematical model. In order to find the ideal aietrand obtain the best performance possible for the syste
the technique known as direct tuning (pole-zero cancehativas used in the identified model. Finally, a Pl controller
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was used in order to control the deformation in a variety éénence signals such as quadratic and triangular signals,
where the frequency was changed to identify the bandwidivhich the system responds.

2. EXPERIMENTAL PROCEDURE

Figure 1 shows the experimental platform diagram develapedder to apply the deformation control on a flexible
beam that has been submitted to low frequency externalrdestae.

SMA wires

Microthermocouple

s

Fixation
Column

0.12m ‘ 0.37 m »
Platform base

Y

l€
“

\
Figure 1. Schematic diagram of the developed experimelatbpm.

To assemble the platform, a flexible aluminum beam - 0.7 m,l6r@H25 m wide and 0.003 m thick - was used. On the
beam surface, two electric-resistance extensometersseftiiemperature-compensation of 38@&nd with a sensitivity
factor of 2.1 were installed to measure the deformation. RidCu SMA wires, measuring 0.515 m in length and 0.29
mm in diameter, were utilized to act in the deformation cohtA micro-thermocouple of the kind K with a diameter
of 100 um was also used to measure the temperature on the SMA wireE£TAI82 shaker from the Labworks was
employed to create a low frequency external disturbance®bé¢am.

A deformation measuring circuit was projected for obtagnihe deformation value on the beam when some static
mechanical load is applied to the free end of the flexible be&wor this circuit uses a Wheatstone bridge with two
electric-resistance extensometers along with two eteotsistances of 350 and 315 respectively. The bridge output
signal travels through a conditioning circuit made up of ghhprecision instrumentation amplifier, projected to afgpli
low-level signals, and a low-pass filter to eliminate any esithble components that may come from the signal being
verified. A driver circuit was also introduced to control thetput voltage from the feeding source, by means of a PWM
signal, that it adjusts the resistive heating from the SMAewi Finally, a circuit to measure temperature was installe
in order to read the SMA wires temperatures. For this cira@is used an instrumentation amplifier with a cool-joint
compensator to the thermocouple on a monolithic microegllaimaet al., 2008, 2009).

3. MODEL IDENTIFICATION

In order to develop and identify the mathematical model fier $ystem shown in Figure 1 with a static mechanical
load of 7 N applied to the free end of the flexible beam, an opep tontrol system was used, as illustrated in Figure 2.

u® » Plant Y(® >
(Beam + SMA)

Figure 2. Block diagram of the open loop control system.

Figure 3 exhibits the response for the open loop controksystThis was obtained by applying the voltage of 6.5 V
by means of a feeding source that was connected to the difeeitavith a signal PWM of 100% (U(t)). This electric
voltage produces a current of approximately 1.14 A, makirggSMA wires to warm up as a result of Joule effect. This
made the wires to contract, creating a deflection of 0.065 mheiuilt-in beam, which corresponded to a deformation of
763 wm/m on the beam (Y (t)).
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Figure 3. Response of the open loop control system to a wwttagree of 6.5 V.

The data acquisition and control are implemented on an ADigZatontroller based card, together with a computer
that runs the LabVIEW program that allows us to visualizerttemsurements in a graphic interface with a sampling time
of approximately 0.214 s.

The model identification, as derived from the input and otitfata of the open loop control system, was carried out
by means of the MatLab ident function, which led to a first orentinuous model, as defined by Equation 1. Figure 3
shows the expected output of the model with a sampling tinte156 s.

7.63

G8) = 173015

1)

4. THE CONTROLLER'S PROJECT

According to the projected model and the use of the diredhtutechnique (pole-zero cancellation), the choice of
the Proportional-Integral (PI) controller seems to be napgiropriate for the perfect performance of the system (Chau
2002). Figure 4 shows the control system block diagram isedddoop for which the system input is R(t), which is the
reference value for the beam deformation. Y(t) represdm@tesent output of the system, which corresponds to the
value of deformation on the beam, where the extensometeeddeen installed. E(t) represents the error and correspond
to the difference between Y(t) and R(t). U(t) is the contradiable generated by the Pl controller which corresponds to
duty cycle value.

Deformation Measurement |
Circuit A

4

Function Microcontroller Deformation P1 Ut Plant
Generator Card (n m/m) Controller "|(Beam + SMA)

v

DC Power . .
Supply = Driver Circuit
(1 m/m)
2
SMA Wires

Figure 4. Block diagram for the closed loop control system.

Control action uses the transfer functiéfa(s), defined by Equation 2, for the PI controller, whétg (Proportional
Gain) and7; (Integrative Time) represent the controller's paramet@&fsese parameters have been calculated using the
direct tuning technique and by taking into account, as tlogept's main parameter, the time constant of the system in
closed loop, which equals to 0.32 s. In this way, the follaywalues were obtaineds, = 1.25 andl; = 3.04.
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Ge(s) = Kp(1 + 2

ols) = Kp(1+ 7 (2

In order to facilitate programming on the ADuC microconigolbased card, the Pl controller was recursively dis-
cretized. This implies that the calculation of the contiioha instantu(k) rests upon a previous instant valug: — 1)
added to the correctors’ terms as defined in Equation 3. Thewték) represents the controller’s output signalk — 1)
represents the output signal with a sample delay, whef@gds the system’s error signal(k — 1) represents the error
signal with a sample delay, aff@ corresponds to the sampling time of the system (de Souzaildma] £001).

(k) = ulk — 1) + Kpe(k) — (1 - %)e(k _ 1) @3)

5. RESULTS AND DISCUSSIONS

On the PI control system of deformation, two experimentsewaarried out with a static mechanical load of 7 N
applied to the free end of the flexible beam. The first expenirhad the purpose of controlling deformation on the beam
with a squared, sinusoidal and triangular reference sidnryavarying the frequencies so as to observe the bandwidth to
which the system responds. The second experiment was &iapet the first with the added external disturbance on the
control system caused by an electro-dynamic shaker as sindvigure 1.

Figures 5 and 6 show the results of the control system behwaitlbout external disturbance on a squared reference
signal of 70 and 90 mHz, respectively; however, with a deftiom of the beam varying from 75 to 580m/m. On
examining Figures 5 and 6, one can see an ascending and diegcgme of about 5 s. By varying the reference signal
frequency, one can see that the control action worked phlppprto a frequency of 90 mHz, revealing a maximum error
of about 5% and 2%, when the squared reference presentesnextteformations corresponding to 75 and p&Um,
respectively. However, due to the necessity of followirgtsference demand the application of pulses of electrientir
the error, out of the positions corresponding the extrenfierdetions, becomes large. The value of the electric ctirren
on the SMA wires varied from 0 to 1.1 A, causing a temperataré&tion from 25 to 60 C, which is sufficient to trigger
the actuators.

Figures 7 and 8 show the results of the control system behaitioout external disturbance for a signal of sinusoidal
reference of 40 and 90 mHz, respectively; however, with ameftion of the beam varying from 75 to 5@@/m. On
varying the frequency of the reference signal, one notibas the control action works well up to a frequency of 40
mHz, revealing a maximum error of around 2% on external ae&tions, reaching its peak of 10% at the point of cycle
inversion, when the sinusoidal reference value reachesnn. For a frequency of 90 mHz, the maximum error at
the inversion point reached 45%. The value of the electricetut on the SMA wire varied from 0 to 1.1 A, causing a
temperature variation from 25 to 6C, which is sufficient to trigger the actuators.

Figure 9 and 10 show the results of the control system behaxibout external disturbance for a signal of triangular
reference of 10 and 90 mHz, respectively; however, with ameftion of the beam varying from 75 to 5@@/m. On
altering the reference signal, one can see that the comtiohgperformed well up to a frequency of 10 mHz, presenting a
maximum error of around 4%, and reaching its peak of 10% aintrexsion point of the cycle, when the reference value
reaches 7m/m. For a frequency of 90 mHz, the maximum error at the pditit® cycle inversion, when the reference
value reaches 7am/m, may go up to 50%. The value of the electric current on thié Svire varied from 0 to 1.1 A,
causing a temperature variation from 27 to°&5 which is sufficient to trigger the actuators.

Figure 11 shows the results of the control system behavitbrexternal disturbances, produced by an electro-dynamic
shaker at a frequency of the 3.5 Hz, for a signal of squaredteate of 20 mHz; however, with the deformation of the
beam varying from 75 to 580m/m. Here one sees an ascending and descending time of éauntis worth noticing
that the flexible beam is only submitted to an external digtnce when it reaches a deformation point smaller than 200
pm/m, and that the external disturbance does not interfetesiaction of the Pl controller, revealing a maximum error of
about 30% and 2%, when the squared reference presentedabdeformations of 7axm/m and 58Qum/m. However,
due to the necessity of following the reference demand tipdicgtion of pulses of electric current, the error, out o th
positions corresponding the extreme deformations becdangs. The value of the electric current on the SMA wire
varied from 0 to 1.1 A, causing a temperature variation fré&nmd65°C, which is sufficient to trigger the actuators.

Figures 12 and 13 show the results of the control system l@haith an external disturbance, caused by an electro-
dynamic shaker at a frequency of 3.5 Hz, for a signal of sidaand triangular reference of 20 mHz, respectively;
however, with a deformation beam varying from 75 to 5806/m. Here one can see that a flexible beam can only go
through an external disturbance when it reaches a defavmamnaller than 20@m/m, and that the external disturbance
does not interfere in the action of the PI controller; thussenting a maximum error of around 2% on external deforma-
tions, and reaching its peak of 40% at the inversion poinhefdycle, when the reference value reachegm®m. The
value of the electric current on the SMA wire varied from 0 td A, causing a temperature variation from 25 to°&5
which is sufficient to trigger the actuators.
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Figure 5. Deformation behavior, current, error and temijoeeafor a squared reference of 70 mHz in the absence of
external disturbances.
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Figure 6. Deformation behavior, current, error and temioeeafor a squared reference of 90 mHz in the absence of
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Figure 11. Deformation behavior, current, error and terapee for a squared reference of 20 mHz in the presence of an
external disturbance of 3.5 Hz
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Figure 12. Deformation behavior, current, error and terafee for a sinusoidal reference of 20 mHz in the presence of
an external disturbance of 3.5 Hz.
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Figure 13. Deformation behavior, current, error and terafge for a triangular reference of 20 mHz in the presence of
an external disturbance of 3.5 Hz.
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Figures 14 and 15 show the results of the control system l@haith an external disturbance, caused by an electro-
dynamic shaker at a frequency of 4.5 Hz, for a signal of sidadand triangular reference of 20 mHz, respectively;
however, with a deformation beam varying from 75 to 5808/m. Here one can see that a flexible beam can only go
through an external disturbance when it reaches a defavmamnaller than 20@m/m, and that the external disturbance
interferes in the action of the PI controller; thus presemé maximum error of around 3% on external deformations, and
reaching its peak of 200% at the inversion point of the cyweleen the reference value reachesufd/m. The value of

the electric current on the SMA wire varied from 0 to 1.1 A, siag a temperature variation from 25 to 85, which is
sufficient to trigger the actuators.
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Figure 14. Deformation behavior, current, error and terafee for a sinusoidal reference of 20 mHz in the presence of
an external disturbance of 4.5 Hz.

Graphic of the Deformation in a Flexible Beam x Time Graphic of the Deformation Error in a Flexible Beam x Time
600— T T T T T T - T 250, T T T T T T T T T T
— Signal
E 500~ . : — — —Reference|... /.. 4 200k 1
E v
& 400 7 1 <
= ) 4 ( & 150 1
2 300 y 2 1 &
£ 200 3 ‘ N ! I i
S 4 ’ A v
o} / /
O 100 S, \, 7 1 501 4
oL i i i i i i i i i i ol ; L i ; i i
10 20 30 40 50 60 70 80 90 100 110 120 10 20 30 40 50 60 70 80 90 100 110 120
Time (s) Time (s)
Graphic of the Current in a SMA Wires x Time Graphic of the Temperature in a SMA Wires x Time
1. T T T T T T T T T T T T T T T T T T T T T T
601 =
1+ o
S5
<osr o 50
= 2
g osr § a0
5 =%
O 0.4f £
(7}
02l = 30
0 i i i h i i 20— i 1 1 1 1 1 | | | I
10 20 30 40 50 60 70 80 90 100 110 120 10 20 30 40 50 60 70 80 90 100 110 120
Time (s) Time (s)

Figure 15. Deformation behavior, current, error and terafge for a triangular reference of 20 mHz in the presence of
an external disturbance of 4.5 Hz.

6. CONCLUSIONS

On an experimental platform that has been developed to measul control deformations on a simply supported
flexible aluminum beam, submitted to a static mechanical tfa7 N, enabled it to obtain a PI controller of deformation
of the beam from a first order model obtained from the respoht® open loop control system, by the utilization of the
direct tuning technique (pole-zero cancellation).

The PI controller worked very well without external distartzes for signals of squared, sinusoidal and triangular
references with maximum frequencies of 90, 40 and 10 mHpeively. It presented a maximum error that varied from
2% to 4% and reaching its peak of 10% at the inversion poinhefcycle, when the reference value reachegmam.
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Furthermore, the Pl controller held a good performance vexternal disturbance, caused by the electro-dynamiceshak
at a frequency of 3.5 Hz, for a signal of squared, sinusoiddltdangular reference of 20 mHz.

7. ACKNOWLEDGEMENTS

The authors thank CAPES (Coordination of Improvement ofhidigEducation), the CNPq (National Council for
Scientific and Technological Development) and FAPEAM (Faation for the Support of Research in State of Amazonas)
Brazilian agencies for funding the research.

8. REFERENCES

Chau, P. C., 200ZZhemical Process Control: A First Course with MATLAB, edm®aidge University Press

Khidir, E. A., N. A. Mohamed, M. J. M. Nor, and M. M. Mustafa, @D,A new concept of a linear smart actuat&isevier
- sensors and actuadors.

Lima, W. M., C. J. de Araudjo, W. A. V. Valenzuela, A. M. N. Limand J. S. da Rocha Neto, 2008edidas de Resisténcia
Elétrica em Atuadores de Ligas com Memoria de Forma Para diGende Posigdo de Sistemas Flexiveidplicacdo
ao Caso de Uma Viga Esbelta Mecani€&ONEM 2008- V Congresso Nacional de Engenhaviecanica, Salvador,
BA - Brasil.

Lima, W. M., C. J. de Araljo, W. A. V. Valenzuela, and J. S. daRoNeto, 2009Electrical resistance measurements
in shape memory alloy actuators for the position control efiftle systems - application to the case of an aluminum
beam SMART 2009 - Smart Materials and Structures, Lisboa - Ryattu

Lima, W. M., J. S. da Rocha Neto, A. M. N. Lima, C. J. de AraljodaV. A. V. Valenzuela, 200Measurement and
control of the deformation in a flexible beam using shape nmg@itoy, COBEM 2007 - 19" International Congress
of Mechanical Engineering, Brasilia - DF, Brasil.

Moallem, M., and J. Lu, 200%Application of Shape Memory Alloy Actuators for Flexure €oln Theory and Experi-
ments IEEE/ASME Transactions on Mechatronics.

Song, G., and N. Ma, 200Robust control of a shape memory alloy wire actuated, &l ART 2007 - Smart Materials
and Structures.

de Souza, C. P., and J. T. C. Filho, 20G@bntrole por computador: Desenvolvendo Sistema de Adudsie Dados para
PC, ed. EDUFMAISBN 85-85048-31-X.

9. RESPONSIBILITY NOTICE

The authors are the only responsible for the printed matiedhuded in this paper.



