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Abstract The present work illustrates an example of
shape memory alloys and fuzzy controllers applied to active
angular control of a sectioned airfoil. The main objective of
the proposed control system is to modify the camber line
of an airfoil based on the relative rotation between the dif-
ferent sections of the profile, given a reference angle. The
changes of the sectioned airfoil angle result from the con-
traction/expansion of the shape memory alloy caused by
heating of the wire with an electric current that changes its
temperature by the Joule effect. Considering the presence
of plant’s nonlinear effects, especially in the mathemati-
cal model of the alloy, this work proposes the application
of a control system based on fuzzy logic theory. Through
numerical and experimental tests, the performance of the
fuzzy controller is compared with an on—off controller
applied in an airfoil.
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1 Introduction

The observation of flight in nature has motivated the human
desire to fly, and ultimately the development of aircraft.
The designs of the first flying machines were relatively
crude and even today nature has much to teach us and con-
tinuously inspires research.

In just a century, engineers built aircraft that can travel
above the sound speed, cross the circumference of the
earth without refueling and even cross the atmosphere into
space. It is desired to have aircraft that are able to rapidly
change shape to transition from efficient cruise to aggres-
sive maneuvering and precision descents. There are specific
geometric features required (for example: curvature of the
wings) that allow aircraft to achieve maximum flight effi-
ciency successfully.

Incorporating morphing structures into aircraft is not a
new idea. In fact, the first powered aircraft to take flight,
the Wright Flyer, was based on a wing design intended to
smoothly deform or morph. In the last couple of decades,
advances in materials have made it feasible to create robust
morphing aerospace structures that allow aircraft to fly for
a variety of flight regimes. The ability of a wing surface to
change its geometry during flight has interested researchers
and designers over the years. An adaptive wing diminishes
the compromises required to insure the operation of the air-
plane in multiple flight conditions [23]; [5]).

Several mechanisms are proposed to create an adaptive
wing aircraft [1] and the main difficulty of trying to cre-
ate such system is to find lightweight and efficient actuators
that are capable of providing sufficient force and deform
evenly. A synthetic material that has this characteristic is
the shape memory alloy (SMA) [2]. This material is capa-
ble of converting thermal energy into mechanical energy
and once deformed the material can return to its original
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shape by heating. This phenomenon is known as the shape
memory effect, and it occurs due to a temperature and
stress dependent shift in the material’s crystalline structure
between martensite and austenite phases [11].

Shape memory alloy actuators have several advantages
such as excellent power-to-mass ratio, maintainability, reli-
ability, and clean and silent actuation. The disadvantages are
low energy efficiency due to conversion of heat to mechani-
cal energy, inaccurate motion control due to hysteresis, non-
linearities, parameter uncertainties, difficulty in measuring
variables such as temperature, and slow response due to the
thermal process involved in the working principle [21].

In an ongoing effort to increase the efficiency and capa-
bility of modern aircraft, SMAs are being implemented in
both novel applications and the replacement of conventional
devices with alternatives that are more compact, more pow-
erful, and less complicated [25]. Although SMA actuators
show potential in morphing applications, there is still no
feasible solution due to structural constraint and difficulty
in controlling the nonlinear actuators. Martin et al. [17] pro-
vided a detailed description of the design, integration, and
testing of an experimental study of a wingbox actuated by
SMA wires. Lv et al. [16] developed an SMA torsion actua-
tor based on NiTi wires and a thin-walled tube for an adap-
tive wing demonstration system. Sofla et al. [22] proposed a
wing that deforms to target shapes by actuating the wingbox
using SMAs. The prototypes showed excellent and smooth
movement under representative loads. Bil et al. [3] devel-
oped an adaptive airfoil control system demonstrator using
SMA actuators. Three types of controllers were tested (con-
ventional PID, PID with robust compensator and PID with
anti-windup compensator) in both simulation and in wind
tunnel tests. The performance of each controller was deter-
mined by its ability to respond and track a required level of
morphing. In addition, the effect of ambient temperature
due to flying at altitude and power levels required to over-
come aerodynamic forces were also determined [19, 20].

In the literature, it has been shown that fuzzy logic con-
trol is robust in controlling nonlinear systems [11]. Fuzzy
controllers are most suitable for systems that cannot be pre-
cisely described by mathematical formulations [26]. In this
case, a control designer captures the operator’s knowledge
and converts it into a set of fuzzy control rules. Fuzzy logic
is useful for representing linguistic terms numerically and
making reliable decisions with ambiguous and imprecise

P1 P2 SMA 1

) (o)

events or facts. The benefit of the simple design procedure
of a fuzzy controller has led to the successful application of
a variety of engineering systems [13].

Due to presence of nonlinear effects, especially in the
mathematical model of the SMA [4], this paper proposes
an active angular control system based on fuzzy logic the-
ory [6] applied to a sectioned airfoil with SMA wires. One
obvious issue is that the system exhibits highly nonlinear
behavior and some of the system parameters are unknown
and/or environment-dependent [11]. Fuzzy control has the
advantages of being robust to disturbances and reduces the
design complexity for control problems untreatable by clas-
sical techniques [8-10, 12, 14, 24].

This work focuses on the design, implementation and
experimental test of active angular control of a particular
sectioned airfoil actuated by a pair of SMA wires. The pro-
file consists of a NACA-0012 model mounted to a base plate
and has approximately 500 mm chord. By using a rotary
potentiometer as a feedback sensor and a pair of SMAs as
actuators, a fuzzy controller is designed to control the pro-
file angle actively. The control system consists of independ-
ent SISO loops, i.e. decentralized active angular control with
local fuzzy controllers. A dSPACE digital data acquisition
and real-time control system along with Matlab Simulink® is
used to implement the controller in real time. Experimental
results show that the pair of SMA actuators can effectively
control the profile angle by using the fuzzy logic controller.

The organization of the paper is as follows: The next sec-
tion presents a description of the actuation mechanism (a pair
of SMA wires) of the proposed sectioned airfoil, along with
the mathematical model for the system. Section 4 describes
the theoretical concepts and the main features of the fuzzy
controller implemented here. In Sects. 5 and 6, respectively,
the numerical simulations and experimental tests with both
fuzzy and on—off controllers are performed in order to com-
pare and verify the performance of the proposed fuzzy con-
trol system. Finally, concluding remarks are presented.

2 Actuation mechanism description and mathematical
modeling

Figure 1 shows a schematic sectioned airfoil with a pair of
SMA wires. The profile consists of a NACA-0012 model
and has approximately 500 mm chord. By using a pair of
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W

Fig.1 Schematic drawing of the sectioned airfoil with SMA wires
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Fig. 2 Behavior of the sec-
tioned airfoil when a SMA 1 is
heated and b SMA 2 is heated

SMAs as actuators, a fuzzy controller is designed to control
the profile angle actively [7].

According to Faria et al. [7], Bil et al. [3] and Pankonien
et al. [19], SMA wires can induce large force and displace-
ments when the temperature is changed, which make it
potential actuator for a wing morphing system. In this work,
the SMA wires were fixed in this particular profile to maxi-
mize the acting moments around the articulation point O.

In future studies, all sections will be considered. Since
the model presented in this work is not just a system of one
degree of freedom, only the central articulation was driven
using a pair of SMA wire. In this model, each SMA actua-
tor used was NiTinol wire. As shown in Fig. 1, the angular
position of the sectioned airfoil was measured by a rotary
potentiometer positioned between sections P2 and P3.

According Fig. 2, when one of the wires is heated, it
contracts and induces tension in the other SMA wire and
the airfoil (sections P3 and P4) rotates around point O.

When the second wire is heated, its contraction will
result in the extension of the opposing SMA actuator
mechanically. Thus it recovers the strain and moves the
sectioned airfoil in the opposite direction. The position of
the profile is determined by heating and cooling the two
SWA wires. By heating one of the wires in an initially
deformed state, a reduction in wire length due to trans-
formation strain in the SMA will create a relative rotation
between airfoil parts (P3 and P4) while straining the oppo-
site, cooling wire. After the actuation is complete and the
desired angular position is reached, no additional energy is
required to maintain the deformed shape. The purpose of
the system is to force the rotation angle 6 of the profile to
follow the desired trajectory 6;.

The mathematical model of the system is composed
of a thermal model, a phase transformation model, and a
description of the system dynamics.

(b)

2.1 Thermal model

SMA actuators are most commonly used in a wire form
and electrical heating commonly induces the phase trans-
formation. In the conventional method of actuation, each
SMA wire is continuously heated by electric current [4].

A common model of the heat transfer associated with
electrical heating (also known as Joule heating) of the wire
is [15]:

2

% = I‘%W — heAc[T(1) — Teol ey
where p is the density of the shape memory material, A is
the cross-sectional area (A = wd? /4, where d is the diam-
eter of the wire), < is the specific heat of the wire and R,
is the resistance per unit length of the material. The param-
eter h. is the natural convective heat transfer coefficient
and A, is the circumferential area of the unit length of wire
(A = nd). The ambient temperature is denoted 7, and the
electric voltage V across the SMA wire is the control vari-
able of the system.

Assuming that the voltage is constant and the initial tem-
perature is equal to the ambient temperature, the solution to
this differential Eq. (1) is

(pA)ep

1
T(t) = Too + —— (1 —e7/M)V?
() =Too+ o (1= e™) &)
where 1, = Z?—XL’ is defined as time constant associated with

the heat transfer process.

In this model, the ambient temperature is assumed con-
stant and only the convective effects are considered. It is
also assumed that the temperature (7) is uniform along the
wire’s length and the SMA wire has an average electrical
resistance (R,), i.e., the variation of the electrical resist-
ance during the phase transformation is neglected.
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2.2 Phase transformation

The SMA model used in the numerical simulations is derived
by Brinson [4]. This particular model was chosen due to its
excellent accuracy between the simulation and experimen-
tal results, which clearly justify the use of the model for
describing the transformation between martensite (M) and
austenite (A) phases [18]. This model replicates the behavior
of the SMA at the phenomenological level. During heating,
the transformation occurs from martensite to austenite, and
during the cooling phase, the opposite transformation occurs.
The SMA constitutive model defines the thermomechan-
ical characteristics of the material, i.e. the effect of the tem-
perature on the stress as the SMA undergoes phase trans-
formation [11]. The relationships between stress (o), strain
(¢), temperature and martensite fraction within the SMA
wire during phase transformation () can be defined as [4]:

& = Dé + OT 4 Q& 3)

where D is Young’s modulus of the alloy, ® is the thermo-
elastic factor, Q is the phase transformation coefficient and
& = &+ &t is decomposed further into a summation of
two variables: & is the fraction of stress-induced martensite
in the material and & is the fraction of temperature-induced
martensite in the material.

Brinson [4] demonstrated that despite the thermo-elas-
tic effect one can obtain the following relation based on
Eq. (3), considering & as the maximum strain that can be
recovered through the transformation phase:

o =D()[e — eL&] 4)

where the actual Young’s modulus D(§) is assumed
to be a linear function of the martensite fraction:
D) =Da +&(Dwv — Dp), and D, and Dy, are, respec-
tively, the elastic modulus in the austenite and martensite
state.

According to Brinson [4], the transformation
equations also require modification to account
for the transformation between the different

types of martensite. The kinetic law for conver-
sion from martensite to austenite is:For 7 > M, and
CA(T — Af) <0 < CA(T — Ay):

_% A_T
S_z{cos{aA<T Ag CAﬂ—i—l},

gsot0 .
% (6o — 8).

&)

where &1 = &s0,10 —

The kinetic laws of transformation from austenite to
martensite become more elaborate, because the fraction of
stress- and temperature-induced martensite must also be
computed during the process. For temperatures above M,
and 05" + Cm(T — Ms) < 0 < of" + Cm(T — My):
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where C, and C); are material properties that describe the
relationship of temperature and the critical stress at the start
(o) and finish (of") of the conversion of the martensite
variants; &g, and &, are the initial martensite fractions;
A, and A; are the initial and final temperature of austenite
transformation, respectively; M, and M; are the initial and
final temperature of martensite transformation, respectively.
For temperatures below M and 0" < 0 < of":

x [0 —of" — Cm(T —MS)]}

§r =&10 —

1 —&so 7 1 + &so

& = 5 CcoS . e (0 — ngf) + >
¢ 7
TO
ér = &0 — (6s — &so) + Are.
1 —&so
The variable A is defined as

1 —&ro

At = 5 {coslam (T — Mp)] + 1} ®

if M <T < Ms and T < T,. Otherwise, At¢ = 0, where
am = ﬁaﬂda,; = ﬁ

2.3 System dynamics

As shown in Fig. 3a, the inertial frame O-XY of the airfoil
profile is centered at point O. The control objective consists
in forcing the profile to track a specified angular trajec-
tory. The trajectory is defined in the plane coordinate sys-
tem frame O-xy. Observe that it is a moving frame and the
position and orientation of the profile (P3 and P4 parts) are
associated to the sectioned airfoil’s initial configuration.

The position vector of points A, B, C and D (SMA wire
connections) with respect the frame O-XYZ is defined,
respectively, as:

—daj b1 —C1
fon=| a |; TFos=R"|by| Foc=|-c2
0 0 0
d
and 7op = RT —d> 9
0

where R is the rotation matrix from inertial (X,Y,Z) to
moving frame (x,y, z):

cosf sinf O
—siné cosf O |. (10)
0 0 1

R =
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Fig. 4 External forces acting on the sectioned airfoil
Finally, the length of each SMA wire (Fap and 7cp) are a0 _ ||;AB||9ma
i X

defined as follows: ehB = min (13a)

) ) [17aBllomax

bicost — brsinh + ay N =
FAB = Fa0 + ToB = | bising + brcost — as (11a) £CD _ 17 CD||9min = II'7 collemax (13b)
L = —

L 0 i Il 7 collomax

[ i cost) -+ dbsind 1 where 6, and 6, are respectively, the maximum and
- oo 47 dlcpse + dzsln 0 i “l minimum angle of the sectioned airfoil.
FCD = Fi rop = sinf — dacosf + ¢ . P .
¢b = 7co T 7ob ! 02 2 (11b) The acting moments applied in points B and D are

Therefore, according to Fig. 4, the external forces applied
to the points B and D with respect to the frame O-XYZ are
given by:

T 'AB

Fp = Fap— (12a)
[IraBll

> D

Fp=Fcp—= (12b)
llrcoll

where || || denotes the modulus of a vector, Fp and Fp

are the generated forces due to the stresses (o) in the SMA
wires (Eq. 4) and thus can be described as: Fyg = 0,34 and
Fcop = ocpA, where A is the cross sectional area of the wire
(assumed equal for both SMA wires). The maximum strains
(¢p) (Eq. 4) for both SMA wires are derived as follows:

defined as:

A_;IB:;OB XFB (14a)
A_;ID = 70]) X I?D (14b)

Substituting Egs. (12a, 12b) and (9) in (14a, 14b) yields:

- F,
= ||ﬁAB|| (a1bycosb + arbicosd + ajbsind — arbysinh)
'AB
(15a)
- Fcp . .
Mp = eol] (c1d1sing — cpdicosd — c1dycost — cpdysing).
CDh

(15b)
Then the resulting equation of angular motion for the

sectioned airfoil is given by:
JO + ab = Mg + Mp (16)
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where J is the moment of inertia of parts P3 and P4, and «
is the dynamic friction coefficient in articulation point O.

In the experimental tests, two methods for controlling
SMAs, without using complex mathematical models, were
tested and compared. The first one is a simple Bang—Bang
controller that activates each SMA wire until the desired
angular position is reached. The second one consists of a
rule-based controller that activates each SMA individually
depending on the proximity of the airfoil to the desired
angular position. The latter takes into account the error of
the angular position (E) as well as the rate of change of that
error with respect to time (dE/df). A detailed description
of the rule-based controller is presented in the following
section.

3 Controller design

The design of a conventional Fuzzy Logic Controller (FLC)
consists of three main steps [6]: (1) fuzzification of input
and output variables using sets of membership functions,
(2) development of fuzzy control rules and (3) defuzzifica-
tion of output membership values.

3.1 Fuzzification
Figure 5 shows seven equally spaced triangular member-

ship functions that were employed to convert the input vari-
ables (the angular error E and angular error derivative dE/

p(x)
1

0

Xinf xsup

Fig. 5 A set of membership functions used for input and output vari-
ables

dr) and output variable (applied electric voltage V) into lin-
guistic fuzzy variables.

The labels or membership functions try to translate ver-
bally the meaning of a specific variable in its universe of
discourse. For input variable dE/d¢, each membership func-
tion was assumed as: “Negative Large” (NL), “Negative
Medium” (NM), “Negative Small” (NS), “Zero” (Z), “Posi-
tive Small” (PS), “Positive Medium” (PM) and “Positive
Large” (PL). For the input variable E: Z, E1, E2, E3, E4,
E5 and E6 (for SMA 1); E6, ES, E4, E3, E2, E1 and Z (for
SMA 2) and for the output V: Z, V1, V2, V3, V4, V5 and V6.

For the input variables, it is necessary to define the range
[Xint Xsup | Of the input membership functions. In the case of
the sectioned airfoil, [0, 5] degrees and [—5, 0] degrees were
used as the range of the input membership functions for the
angular error (E) to SMA 1 and SMA 2, respectively. The
angular error derivative (dE/d¢) varies from [—5, 5] degrees/
seconds for both SMAs, and the applied electric voltage V
varies from [0, 6.75] Volts.

3.2 Fuzzy control rules

In order to emulate the use of the intuitive knowledge,
and to avoid the need of any mathematical models of the
SMA actuators, a rule based control system was proposed
in the present study. The rule-based controller is essen-
tially a fuzzy logic controller with triangular membership
functions.

In this paper, the rule base was built from the intuitive
knowledge of the dynamic behavior of the sectioned air-
foil considering the electric voltage applied in SMA 1 and
SMA 2. The fuzzy control rules that are associated with the
fuzzified values of the error (E) and its derivative (dE/dr)
were formulated in order to improve the system response
and compensate for the nonlinearities and parametric
uncertainties of the individual SMA actuators employed in
the system [11]. Tables 1 and 2 give the complete set of the
fuzzy control rules for the SMAs 1 and 2 (e.g., for the first
rule, when E is Z and dE/dt is NL then V is Z). The “max—
min” method with the logical operator AND has been used
as the inference method.

Table 1 Fuzzy control rules for

the SMA 1 E

z El ) E3 E4 E5 E6
aE NL z Vi V3 V3 V4 Vs V5
NM z 2 V3 V4 Vs Vs Vs
NS z V3 V4 V4 Vs V6 V6
z z V3 V4 Vs V6 V6 V6

PS z z z z z z z

PM z z z z z z z

PL z z z z z z z
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Table 2 Fuzzy control rules for E
the SMA 2
E6 E5 E4 E3 E2 El Z
%’f NL VA V4 V4 V4 VA VA V4
NM z V4 V4 Z VA V4 V4
NS V4 V4 V4 VA Z V4 V4
zZ V6 V6 V5 V5 V4 V3 z
PS V6 V5 V5 V4 V4 V3 VA
PM V5 V5 V4 V4 V3 V2 VA
PL V5 Vs V4 V3 V3 V1 VA
Fig. 6 Overall control block 0 *
diagram for the sectioned airfoil 04
g 4 Heat Phase ¢
> Fuzzy/On-off N L
Transfer Transfor. >»| Constitutive |0
Controller >
Model Model
Model

As shown in Tables 1 and 2, due to location of the SMA
wires in profile, the fuzzy control rules for both wires are
similar and have opposite control actions, i.e., as shown
in Table 1, when the error is positive (Z, E1, E2, E3, E4,
ES and E6) and its derivative is negative (NL, NM, NS,
Z), only the SMA 1 should be activated. Otherwise (see
Table 2), when the error is negative (E6, ES, E4, E3, E2, E1
and Z) and its derivative is positive (Z, PS, PM, PL), only
the SMA 2 should be activated.

For example, considering the extreme situation where
the sectioned airfoil has a large angular error (E6) and the
variation of the error equal to Z, then the maximum control
action (V6) applied in SMA 1 or 2 is required to cause the
rotation of the profile (clockwise or counterclockwise) for
achieving the reference angle quickly. In other situation,
when the sectioned airfoil is rotating fast (dE/dt is NL) with
a large angular error (E£6), then a high control voltage (V5)
is required to maintain the speed rotation of the profile.
Otherwise, when the airfoil is rotating very slowly (NS)
with a large error (E6) then a maximum voltage (V6) must
be applied in SMA wire to increase the speed of rotation
of the sectioned airfoil until it achieves the desired angu-
lar value. This intuitive knowledge can be extended to other
situations where the profile has smaller input values (E and
dE/dr).

The controller is designed to set the activation of each
SMA based on the overall configuration of the sectioned
airfoil. Based on the angular error E, the control system
selects the appropriate activation voltage for each SMA
wire according to equation below:

Dynamic 0
r Model

ﬁq¢~z

if E() > 0

_J Vsmai1(0)
WO—{ if E(t) < 0 17)

Vsmaz (1)

where Vgya; and Vgya, are the electric voltages
applied to SMA wires 1 and 2, respectively, by using
the fuzzy/on—-off controllers. In this work, both
Vemar and Vs, were set to 6.75 V for the on—off
controller.

3.3 Defuzzification

The defuzzification, i.e. the transformation of fuzzy set out-
put on a numerical control action, is performed using the
centroid method [6].

4 Simulation results

To verify the performance of the proposed controller, the
numerical results, obtained from the control of the airfoil at
different angular positions, are presented. A simple on—off
control scheme is used for comparison. This controller cor-
responds to the so-called Bang—Bang controller that acti-
vates the SMA actuator until the desired angular displace-
ment is reached.

Figure 6 shows a block diagram representation of the
overall mathematical model of the system [11], with the
added fuzzy/on—off controller. The modeling of the pro-
posed sectioned airfoil system is composed of four parts:
the heat transfer model between the SMA wires and the
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Table 3 Parameters used for the system model

Parameter Value Parameter Value

d 5.08 x 107*m D, 67 GPa

P 6,450 kg/m* Dy 26 GPa

A 2.02 x 10~ 7m? Cy 13 MPa/°C
A, 1.6 x 1073m?/m Cu 8 MPa/°C
he 70 W/km? M, 50 °C

T 25°C M; 40 °C

J 1.44 x 10-3kgm? A, 55°C

o 2 x 103kgm?/s Ag 70 °C
ai,ci 54 x 10~3m o’ 100 MPa
a, ¢ 17 x 1073m of" 170 MPa
by, d; 50 x 103m R, 3.75Q/m
by, dy 13 x 1073 m ¢ 837 J/kgK

surrounding environment (Eq. 2); the phase transforma-
tion model between the martensite and austenite phases of
the wire (Eqgs. 5-8); the constitutive model of its thermo-
mechanical characteristics (Eq. 4); as well as the dynamic
model of the system that describes the motion of the airfoil
profile (Eq. 16).

The physical and geometrical parameters of the model
are listed in Table 3. The SMA wire parameters were pro-
vided for a NiTinol alloy, whose properties were obtained
from Brinson [4].

As depicted in Fig. 3a, the profile was built to move start-
ing with angle of & = 5°. Because of that, the total motion
range was set equally for both wires, i.e., 10° for SMA 1
and —15° for SMA 2. Therefore, the range of motion of
the airfoil profile is given by: [fin, émax | = [—15°,10°].
Thus, the maximum strains (¢) for both SMA wires
(Egs. 13a, 13b) are given respectively by: 8{}13 = 0.0593
and P = 0.0703.

The differential Eq. (16) is solved by using the sub-
routine rk4 given in C** library which implements
a simple Runge—Kutta method for an initial value
problem. The time step used in solving the differen-
tial equation is dt = 0.1 s. The sectioned airfoil is ini-
tially stretched out with the minimal angular position
(6p = —15°). Therefore, at t = 0, the material for SMA
1 has no stress-induced or temperature-induced mar-
tensite: £}, = 0 and &}, = 0, and the material for SMA 2
is assumed to be at a state of zero stress and zero strain
(3, = land &%, = 0).

The task consists in forcing the parts P3 and P4 to track
a specified angular trajectory. The main goal of the subse-
quent tracking tests is to verify the performance of the pro-
posed fuzzy and also the on—off controllers to follow com-
manded trajectories (6,). Figure 7 compares the simulation
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Fig.7 Angular responses of the sectioned airfoil using fuzzy and
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Fig. 8 Temperature responses of the SMA wires using on—off con-
troller

results for the on—off and proposed fuzzy controllers when
two input signals (10° and 0°) were given as references
).

From the analysis of the Fig. 7, the fuzzy controller
showed results quite optimistic about minimizing the
settling time (66 s), compared with on—off controller
(82 s).

Figures 8, 9, 10 and 11 show the temporal evolutions of
the temperatures (by using Eq. 2) and martensite fractions
of the SMA wires 1 and 2, by using the on—off and fuzzy
controllers, respectively.

As can be seen in Figs. 12 and 13, smaller control volt-
ages are obtained using the fuzzy control algorithm.
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Fig. 9 Fraction of martensite of the SMA wires using on—off control-
ler
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Fig. 10 Temperature responses of the SMA wires using fuzzy con-
troller

In the case of the on—off controller, the RMS of the con-
trol voltage was 5.28 V for SMA 1 and 4.20 V for SMA 2,
while in the case of the fuzzy controller, the RMS of the
control voltage was only 1.83 V for SMA 1 and 1.72 V for
SMA 2.

5 Experimental results

The performance of the fuzzy controller was experimen-
tally tested, in order to verify the angular behavior of the
sectioned airfoil using a pair of SMA actuators. Figure 14
shows the setup of the experimental apparatus.

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Fig. 11 Fraction of martensite of the SMA wires using fuzzy con-
troller

—— smA 1 .
-~ SMA 2

Control Voltage (Volts)

30 40 50 60 70 80 90 100
Time (s)

Fig. 12 Control voltage applied to the SMAs actuators using on—off
controller

As shown in Fig. 15, the angular position of the sec-
tioned airfoil was measured by a rotary potentiometer posi-
tioned between parts P2 and P3.

According to Fig. 15, the value of the output voltage
(V) as a function of the angle () of the sensor is given by
the following equation:

Vo=ab +b (18)

where a = —0.012 and b = 2.6.

The sensor signal was fed to the computer through an
A/D dSPACE 1103 controller board. The control current
applied to each SMA actuator was obtained from a D/A
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Fig. 13 Control voltage applied to the SMAs actuators using fuzzy
controller

Fig. 14 Setup of the experimental apparatus
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Fig. 15 a Sensor location on the profile and b equivalent electric cir-
cuit

Table 4 List of experimental devices parameters

card and a V/I converter (Lord RD-3002-1). The main
specifications of those devices are shown in Table 4. This
system was controlled in real-time with Matlab Simulink®
software together with a PC and the dSPACE 1103 board.
The sampling frequency was set to 1 kHz in all experi-
ments. Finally, a low-pass butterworth analog filter (cut-off
frequency of 10 Hz) was used to attenuate the noise effect
of the sensor.

A switching circuit was built to change the controller
action between the SMAs. Figure 16 shows the schematic
diagram.

Matlab Simulink® software was used to acquire and pro-
cess the data from the potentiometer, and to send the com-
mand for the current that must be imposed on the SMA
wire. Such software is flexible, and several control algo-
rithms can be easily implemented. Furthermore, all graphi-
cal and mathematical tools provided by Matlab Simulink®
can be used. The interface with AD/DA dSPACE 1103
board was developed by means of low-level code included
in the software. Figures 17 and 18 show, respectively, a
Simulink® block diagram of the on—off and fuzzy control
systems.

According to the above diagram, from the error signal (E)
and its time variation (dE/d¢), the controller (on—off/fuzzy)
produces an electrical voltage signal (V) that feeds the cur-
rent amplifier and drives the actuator SMA 1 or 2, depend-
ing on the error signal (E). Then, the angular displacements
of the airfoil are captured by the linear potentiometer and
then are acquired and filtered. According to Eq. (18) that
signals are transformed to degrees and then they are com-
pared to the reference 6, generating the error signal E and
its temporal variation (dE/df). Thus, the error signal (E) and
variation of the angular error (dE/df) are fed by the con-
troller and a new output is feedback into the control loop.
Finally, to change the controller action between the SMAs,
the signal of the on—off/fuzzy controller can take two val-
ues (positive or negative) and the corresponding output (0 or
10 V) feeds the switching electric circuit (see Fig. 16).

To verify the controller performance experimentally,
open loop and closed loop tests were conducted and the
results are presented. Figure 19 shows a sequence of step
response plots performed experimentally. The sectioned
airfoil initially rotates from the angular position of 4 5° to

Devices Main parameters

SMA wire Model: NiTinol, type: Ni-Ti material, Pull actuator length: ~106 mm, diameter: 0.508 mm
VII converter Voltage 0-5 V, current 0-2 A

dSPACE 1103 board A/D and D/A 16 bit card

Potentiometer Model: TRIMPOT 3386-F
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Fig. 16 Diagram of the electrical actuator

—2°, then rotates to —5°, and after that, it goes to angular
position 8 = 0°.

As can be seen in Fig. 19, it clearly shown that using
fuzzy controller, a low settling time for SMA is reached
(around 2 s) as also an enhanced damping compared with
on—off controller. For the latter, there is little damped
characteristic of the airfoil, particularly in smaller angles,
which remains after the transient response. According to
Figs. 20 and 21, this characteristic is also verified for the
steady-state errors as well its temporal derivative.

Fig. 17 Simulink® block
diagram of the on—off control
system

% Reference

-

Using the on—off controller, a significant delay (6 s)
of raise motion of the actual trajectory compared to that
of the desired trajectory is seen. This is due to the fact
that using an ordinary on—off controller, the fixed con-
trol voltage is generated only after some level of error is
detected. The error and the derivative error have smaller
fluctuation for the fuzzy controller. As shown in Figs. 20
and 21, the system can reach the desired position in
less than 2 s and keep the steady state error less then 1
degree/s. The simulation results illustrate the effective-
ness of the proposed fuzzy control algorithm for the posi-
tion tracking.

Figure 22 shows the generated control voltage to the
VII converter. One can observed that with the application
of fuzzy control, there was a reduction of approximately
50 % of the RMS value of V (1.64 V) with respect to the
on—off control system that applied a constant voltage of
325V.

Figure 23 shows the generated control voltage to the
switching electric circuit (see Fig. 16) by the dSPACE
board.

Both numerical and simulation results illustrate the
effectiveness of the proposed fuzzy algorithm for the

vma.

<0

X ~>_> DAC ADC ?—bx
SMA SENSOR b
>
> x »| DAC a

SWITCHING CIRCUIT

—p{dusdt
% Reference —}@——} M— ’_5. DAC ADC >< B
SMA 1 Switch SMA SENSOR -
WY :
SMA 2 a
»| <0 [
" o X > Dpac
! SWITCHING CIRCUIT

Fig. 18 Simulink® block diagram of the fuzzy control system
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Fig. 19 Experimental angular responses of the sectioned airfoil using
fuzzy and on—off controllers
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Fig. 20 Experimental angular error responses of the sectioned airfoil
using fuzzy and on—off controllers

angular position control and provides an effective scheme
for the experimental control of the considered sectioned
airfoil profile.

6 Conclusions

A fuzzy controller has been developed to control the angu-
lar displacements of a sectioned airfoil actuated by a pair
of SMA wires. The control system consists of a decentral-
ized active angular control with local fuzzy controllers act-
ing to each SMA actuator. The proposed fuzzy controller
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Fig. 21 Experimental angular error derivative responses of the sec-
tioned airfoil using fuzzy and on—off controllers
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Fig. 22 Experimental control voltage applied to the SMAs actuators
using fuzzy and on—off controllers

activates each of the wires using a pre-defined rule based
on the angular position error and its first time derivative.
The control strategy mimics the human learning process,
requiring only minimal information on the environment.

Numerical and experimental tests were performed,
which illustrated the effectiveness of the controller in
tracking various angular trajectories of the sectioned air-
foil. Experimental results for this real-time controller
showed enhanced performances in both control voltage and
response time over conventional on—off controller.

For future work, temperature sensors will be used to
verify the thermal model and the influence of heating rate
in SMA wires, and also to identify the main parameters of
its mathematical model. Furthermore, in order to evaluate
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the performance of the proposed fuzzy controller in a more
complete way, the control system will be tested for other
position waveforms (triangular and sinusoidal).
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