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ABSTRACT

The aerodynamic efficiency of wing can be improved by using
morphing wing system actuated by smart material. Shape memory alloy
(SMA) can be used in such system to replace conventional actuator in order
to reduce the weight of the wing. SMA acts as an actuator, embedded inside
the wing to achieve the desired camber profile during flight. This study
explores the self-sensing capability of the SMA by changing the resistivity
during actuation using voltage drop across the SMA as the input to the
feedback system. The self-sensing system can reduce the weight and cost as
sensors can be eliminated. The SMA actuator was controlled using
Proportional-Integral-Derivative (PID) controller with LabVIEW software
where the voltage drop across the SMA acts as input to control the shape of
the wing. The calibration data was critical to design the morphing wing
actuation for the wind tunnel testing. The data was also analyzed to determine
the voltage required to change the geometry of the morphing wing and
improve the aerodynamics behavior in terms of lift-to-drag (L/D) ratio. The
wing model was tested at angle of attack between -12° and 16° at wind speed
of 20m/s. The experimental results of wind tunnel testing showed that the
morphing wing system produced improvement on lift, drag and lift-to-drag
ratio as predicted from earlier work using computational fluid dynamics. L/D
improved as much as 9.2 at 4° AOA for SMA actuation of 3.5V and 10.79 at
at 6° AOA for SMA actuation of 4.8V.

Keywords: Morphing wing, Shape memory alloy, Feedback control, Self-
sensing

I. INTRODUCTION

Each morphing technique for an aircraft is executed
for different purpose but aims to either produce better
aerodynamic performance or flight maneuverability. The
change in airfoil shape affects the aerodynamics
performance of the wing [1]. Morphing can either be
globally on the whole wing or on specific part such as
leading edge, trailing edge, camber or winglet [2-6]. Most
of the morphing wing design uses conventional actuator
but the mechanism can be improved by using smart
material. By using smart actuator such as shape memory
alloy (SMA), the entire wing can act as a unique control
surface. SMA can be embedded into the morphing wing

and thus change the geometry shape by controlling its
actuation. It has several advantages over conventional
hydraulics including lighter weight, corrosion resistance
and low power consumption [7]. SMA has unique
thermomechanical properties as well as superelasticity
behaviour that has been widely studied [8,9]. It has been
classified as adaptive material being able to transform
thermal energy into mechanical work as well as possess
great damping capacity.

Smart material such as SMA has many advantages in
producing wing with low maintenance cost and reduced
complexity. SMA in the form of wire or spring can reduce
the weight of the system as it is lightweight and compact,
thus reducing the entire space inside the wing. For the
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airfoil adjustment, it is mainly concerned with thickness
variation. Airfoil adjustment can be achieved through
camber change and this can be done by installing SMA at
upper and lower part of the camber. Camber control
provides an efficient means to improve L/D ratio at each
flight condition. This concept is very convenient yet very
simple compared to conventional motor that has greater
complexity.

However, due to SMA’s non-linearity and hysteresis
behavior, a control feedback system is required to produce
accurate actuation. There are many types of feedback
system that has been developed using different input
variables such as position, temperature, force and strain
[10-12]. However, this increases the weight of the wing
and the system's complexity. In order to improve the
morphing wing system, other technique can be considered

to simplify the system and reduce the required components.

There is a potential to use the change in resistivity of the
SMA during actuation as the input to the feedback system.
From the literature, it shows there is great potential in self-
sensing technique for accurate SMA actuation [13-18]. By
using this technique, the system complexity is reduced
further by eliminating sensor from the feedback system
and instead utilizing the change of the behavior of the
SMA actuator. In other words, it promotes the self-sensing
capability of the SMA.

The research presented here considers the morphing
wing system for aerospace application. Using self-sensing
actuation will translate to even bigger savings in terms of
cost, space and weight. Thus, the main objective of this
study is to analyze the feasibility of self-sensing actuation
for morphing wing application instead of using
conventional actuator and external sensors. An
experimental test bed of the morphing wing system was
designed and the performance was analyzed under wind
loading through wind tunnel experiment.

This paper presents the background on shape memory
alloy as actuator used for morphing wing system, the
methodology employed for the research, the experimental
results i.e. the performance of the self-sensing shape
memory alloy actuator control system and the
performance of the morphing wing from the wind tunnel
testing, the analysis of the results and main conclusion
from the research conducted.

1. SHAPE MEMORY ALLOY ACTUATOR
FOR MORPHING WING

Past history shows that morphing concept comes at a
high cost, complex and also increases system's weight.
This is due to the additional actuation system that could
lead to weight penalty which will decrease the
aerodynamic performance. However smart materials can
overcome these limitations and enhance it by providing
optimum design solution [19].

An actuator is a type of transducer or device that uses
energy that comes from an electric current, hydraulic or
pneumatic pressure and convert it into another form of
energy. For example, motor convert energy from
electricity into energy of a circular motion. While for
linear actuator such as piezoelectric devices, the energy
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comes from rotary motion and it will be converted into
linear motion of energy. Actuators act as key elements of
our aircrafts and the concept of electric aircraft forcing the
development to substitute the use of hydraulics to
electrical actuation [20].

Variable camber is a feature of aircraft wings to
morph by changing the curvature of airfoil during flight.
The control surfaces that help in cambering is ideally
suited for aircraft application where it can be used
throughout the flight regimes. For example, reshaping
flaps and ailerons can be used in combination to provide
camber control during cruising.

From a study conducted on variable geometry by the
National Aeronautics and Space Administration (NASA),
adjusting of camber resulted in increasing camber and
deflection of trailing edge will improve the aerodynamics
to the wing profile [21]. One technique is to adjust the
curvature of camber line is chord-wise morphing [22].

For aerodynamics, camber represents the shape of the
airfoil. If the camber is adjusted by means of actuation, this
is known as camber control. Many methods can be applied
to change the shape of the wing either at trailing edge,
leading edge or even the whole part of the airfoil. This
method is efficient as it can change the lift-to-drag (L/D)
ratio depending on the flight condition and mission. To
sum up, variable thickness of airfoil also can improve the
acrodynamic performance similar to variable camber
profile by chord wise morphing [23]

In a study, flexible skin is installed on the upper
surface of the variable camber airfoil actuated by SMA
[24]. Gas spring is vital when the SMA is inactive to
counteract the pulling effect of aecrodynamic forces over
the flexible skin to un-morphed reference airfoil position.
When the SMA is energized by the power supply, the
pulling action causing load mode which the airfoil is in
optimized morphing airfoil position. The actuation
distance for each SMA is corresponding with the airfoil
shape, and mechanical system of the SMA pulling the
sliding rod and the action of gas spring. SMA will convert
the horizontal movement along the span into the vertical
motion perpendicular to the chord [24].

Shape memory alloy actuator has been demonstrated
as a highly suitable option for morphing wing design with
research spanning more than two decades. Currently, the
focus is exploring new applications and techniques of
morphing and also the improvement of system design [25-
217].

Recent development in smart materials may
overcome the weight, complexity and cost limitations of
morphing wing. However, the design and integration of
smart material embedded inside the morphing aircraft is
challenging. To determine the best placement of the SMA
wire actuators within the wing, many optimization
methods that includes thermal, structural and aerodynamic
analysis need to be utilized. Computational Fluid Dynamic
(CFD) test has been conducted for hybrid Kevlar of NACA
0012 with shape memory alloy (SMA) as an actuator [23].
The selected position for the SMA is based on Finite
Element Analysis (FEA) with high trailing edge deflection
[28]. Analysis was done to show improvement of adaptive
wing to the aerodynamic performance of the wing at sea
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level environment by using GAMBIT and FLUENT with
free stream velocity of 20m/s at different angle of attack.
It was observed that lift coefficient is improved when
shape of airfoil is cambered compared to symmetrical
NACA 0012 airfoil. Lift curve shows a steady increase
even though the airfoil is in zero degree of angle of attack.
For the drag, the cambered produce lower drag for all
angle of attack. This CFD result shows that camber airfoil
can minimize the drag produce by the wing and increases
the lift-to-drag ratio.

SMA has a distinctive combination of various novel
properties including the shape memory effect, high
damping capacity, good fatigue and wear resistance, high
kinetic output per volume and, of significant importance,
an excellent compatibility in various actuation system
design [29]. The behavior of SMA is unique as it is non-
linear in terms of thermal and mechanical properties. The
changing shape can effectively increase the efficiency of a
wing. SMA wire can be heated by power supply and
cooled by reducing the current that flow across SMA. This
simple actuation mechanism is widely used as linear
actuators. In addition, SMAs are activated by changes in
temperature. The non-linear behavior of SMA is because
it exhibits unique crystalline characteristics which depends
on applied stress and temperature but if controlled properly,
it can act linearly over a range of temperature.

Another behaviour of SMA is the wires electrical
resistance varies intrinsically when the material undergoes
a phase changing from martensite to austenite and vice
versa thus can be used as a sensing element in controlling
actuator system. When heated, SMA wires will contract
and change from martensite crystalline phase to austenite
and vice versa when cooled. The Shape Memory Effect is
one of the behaviour that attracts researchers to exploit this
extraordinary behaviour to make linear actuator using
SMA [30].

2.1 Feedback System for Shape Memory Alloy

Actuator

SMA has non-linear response to the strain. Thus,
linear control technique is not suitable for non-linear
behavior SMA [28]. Previous study at E’cole de
Technologie Supe rieure, Canada substitute the SMA with
linear rotary actuators and proved it is much easier
integration in morphing wing CRIAQ 7.1 control actuation
system. Thus, the challenge is to produce accurate control
with response of strain input with compensation technique
involving proportional and derivative control [30].

Smart composite can be controlled with SMA
actuator using strain feedback system to control the
deflection [11]. In this study, a temperature feedback
system was also used and compared to the strain feedback
system. Results show that strain feedback gives better
performance with low overshoot, and no steady state error.
Additionally, the power consumption is 40% less than the
temperature feedback system.

Latest study shows that temperature feedback
produces exceptional tracking performance. Large signal
model based on temperature controller and small signal
NPID controller with PWM gives this position of SMA
wire at various loads. The control law and models used are

simple, easy to implement and run in real time. The
temperature feedback controller is able to recover the
disturbance and hysteresis of SMA [31].

Another study of temperature feedback is using hot
water to actuate the SMA spring which then give impact
on the morphology structure. As the temperature reaches
70-80°C, SMA spring will be compressed for the first few
cycles followed by displacement loss in actuation. During
this heating process, the length of the spring reduces and
the mass moves upward proving the martensite to austenite
changing phase. While when it cooled, the austenite
changes to martensite phase and the length of the spring
increases thus moves the mass downward. The application
is suitable where there are no electrical connections, and
in engines where it can replace the thermostat valves [32].

2.2 Resistivity Feedback of SMA

The electrical resistance through SMA is assumed to
be constant at both phases of martensite and austenite. But
one aspect that can change the resistivity of SMA is by
applying constant load levels. The stress caused the
resistivity to change linearly instead of being constant.

There are 3 findings which allows the resistance behavior

to be characterized in range of temperature, and stress [33].

These findings can be summarized as follows:

1. The resistance of SMA increases linearly with
temperature both in martensite and austenite phase. The
relation between temperature and resistivity of SMA is
related with positive coefficient.

2. As the wire is heated, the resistivity is increase linearly
and at certain point it drops to minimum and finally
increase linearly again if there is further heating.

3. Peaks of maximum resistivity achieved as the
increasing of wire stress cause the changes of
temperatures in austenite and martensite phase and also
absolute resistivity values in martensite phase.

Resistance plays a significant role in SMA self-
sensing utilization while there has been little research that
explains it due to the complexity of the SMA electrical
resistivity. This resistivity is dependent on stress and
temperature, but also the volume fractions of martensite,
austenite and R-phase during the process which led to
transformation [34].

The resistance changes linearly in martensite and
austenite phases. Rate of change is larger in martensite
phase compared with austenite phase. Electrical resistivity
depends on stress, temperature, stress with or without
temperature induced phase, R-phase distortion and
martensite reorientation. SMA resistivity changes linearly
with temperature and stress as with common metals
behavior.

Wang et al [35] produced self-sensing model which
shows data on SMA strain to resistance. The strain and
resistance curves is repeatable throughout all the cycles
and is stable even though there is the hysteresis gap
between the cooling and heating process. The pattern for
cooling and heating is the same in reverse direction
separated with the hysteresis gap. Abdullah et al developed
an experimental test bench for self-sensing displacement
control in the range of 2mm using shape memory alloy
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actuator [36]. It was found that the self-sensing feedback
system was able to control the displacement and its
accuracy was improved with pre-loading of the SMA
actuator.

I11. METHODOLOGY

3.1 Morphing Wing Design and Fabrication

An experimental test bed for the self-sensing
morphing wing using shape memory alloy actuator was
developed as a proof of concept to analyze the
performance of the self-sensing SMA actuation system
under wing loading. The morphing wing in this study was
developed using the aerodynamics data that has been
established on morphing wing with NACA 0012 airfoil
[28]. The first step in designing the experimental test bed
is to design the wing based on the aerodynamics data and
to determine the size of the prototype for the given
specifications of the wind tunnel. This included the SMA
position inside the airfoil and current hook placement for
the six component balance design. The next procedure was
the actuator selection based on the NACA 0012 sizing. The
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number of SMA wires was determined by the amount of
force required to morph the wing and the SMA length was
selected based on the amount of stroke required.

From the earlier FEM simulation, it has been
determined that 6 wires are required to produce the force
to morph the wing. Thus SMA characterization was done
for 1 wire as a reference and 6 wires in order to determine
the behaviour of the SMA during actuation. The morphing
pattern of the airfoil was produced by the actuation of the
SMA inside the wing controlled by the controller using
LabVIEW software and compact DAQ hardware, and a
proof of concept was conducted using wind tunnel testing.
PID controller was designed for 1 and 6 SMA wires
configuration.

The selection of the NACA 0012 airfoil was based on
the previous study on the design and fabrication of hybrid
composite adaptive wing structure [23]. This study
includes the actuator placement of the SMA, according to
analysis of Finite Element Analysis (FEA) and
Computational Fluid Analysis (CFD). This airfoil
parameter was build using Rhinoceros computer aided
drawing software. The parameters are shown in Figure 2.
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Figure 2 2D parameters of the NACA 0012

From Figure 3, it shows that the position of SMA at
force node 3 and fixed node of 37. From leading edge, the
SMA placement is at 9.1% for upper part, and 36.36%
chord length for bottom part. These nodes were selected as
the result shows that it will produce good camber profile

and maximum cambered with 6.51mm deflection of
trailing edge. Figure 4 shows the 2D drawing of NACA
0012 with placement of SMA. Further detail drawing can
be seen in Figure 5.

Figure 3 Position of SMA actuator
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Figure 4 2D drawing of the SMA position inside the wing

Figure 5 NACA 0012 3D drawing for wind tunnel testing

ABS with filament diameter 1.75mm was chosen for
3D printing along with the Zortrax M200 3D printer as it
has excellent ductility, moderate strength and lightweight
which was suitable for the morphing wing design as it can
return to its original position in a short time after turning
off the actuator. Additionally, it was easy to fabricate and
low cost compared to other materials. The specification for
this ABS is as shown in Table 1.

Figure 6 shows the wing model where it exceeded the
planform area. Thus, the solution was to separate the wing
model into 3 parts and print them separately as shown in
Figures 7-9. A temporary standing was built along with the

| FERR
) w - — 25UTE
v
+
*
)
e
-
-~ /
x>
1 b o s Be g, s o machel 1204 Ine (it bt Gremgs e
2

airfoil part to ease the fabrication and avoid dimension
error as shown in Figure 9. It was removed during the
integration of the wing model.

Table 1 Mechanical properties of ABS

Property Value
Young’s Modulus (MPa) 2100
Poisson’s ratio 0.392
Density (g/cm®) 0.93673
Yield strength (MPa) 41
) -

{o

Figure 6 NACA 0012 drawing with chord of 200cm
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Figure 8 Trailing edge part for 3D printing

Temporary standing
slot

Figure 9 3D drawing for middle part of the wing model

For the manufacturing of the wing, a removable slot
for the attachment of the SMA wire inside the airfoil was
added to the design. The reason behind the slot in-out for
the SMA placement was for ease of assembly. This was
also to ease the maintenance process if only 1 wire requires
replacement, the slot can be taken out and the SMA will
then be replaced. With this design, the complexity of the
mechanical design was reduced.

3.2 Testing of Shape Memory Alloy Actuator

Flexinol nitinol wire was selected as an actuator for
this study. Selection length of SMA depends on the size of
the wing. From this case, NACA 0012 with geometry of
170cm x 200cm needs to use 12cm length of SMA. The
SMA specifications are shown in Table 2.

For the 1 wire SMA characterization, the voltage
power supply was increased up to 4.5V as in Table 3 with
increment of 0.5V. Meanwhile, for 6 wires SMA
characterization, the voltage supply was increased up to
7V.

Table 3 Voltage power supply increment for 1 wire

SMA characterization
Voltage (V) Current (A)
0 0
0.5 0.01
1.0 0.25
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1.5 0.37 For each increment, data of voltage across power
20 052 resistor, voltage drop across SMA, temperature SMA and
i i strain was taken. Strain gauge was attached to the plate to
2.5 0.65 obtain the strain measurement on the surface of the plate
3.0 0.80 during actuation and the thermocouple was used for the
35 092 temperature measurement of the SMA wire. All the data
i ’ was measured using LabVIEW software and NI-DAQ.
4.0 1.07 The input modules used were NI-DAQ 9237 for strain
45 1.20 measurement, NI-DAQ 9201 for voltage measurement and
NI-DAQ 9211 for temperature measurement.
Table 2 Flexinol® Actuator Wire Technical and Design Data
Diameter | Resistance Heating | Cooling Cooling Austenite
Size (mm) [ (ohms/meter) | Pull Time Time Temperature
Force* 158°F, 194°F, (°Q)
(grams) | 70°C "LT" | 90°C "HT"
Wire*** Wire***
(seconds) | (seconds)
0.31 12.2 1280 8.1 6.8 70
Power Supply
Power Resistor
- + + =
= oo
|
Data Acquisition S\fstemil Shape Memory Allay |
[ - cDAQ 9174 | | Clamped Point
Thermocouple
[ = — i i .
LabVIEW o o b ! train pauge l
C 1 - (3 5|8 - i

Mounting Table

Figure 10 SMA characterization circuit

To measure the current flow across SMA, power
resistor was used. With 1 ohm resistance of power resistor
in series circuit, the voltage across will be equal to the
current across SMA and to other components. If V is the
voltage, I is the current and R is the resistance, then

V=IR
V=1(1Q) (D
v=I

V = Current across SMA

Before SMA was embedded inside the wing, SMA
characterization is an important aspect to evaluate the
voltage drop across SMA for specific displacement. SMA
characterization was evaluated on voltage, current,
resistance, temperature and strain deflection. 1 wire of 12

cm was tested and the circuit is as shown in Figure 10.

3.3 Wind Tunnel Testing

The test section of the Universiti Putra Malaysia wind
tunnel Im x 1m x 2.5m and the maximum size of the wing
is 17cm and 20cm chord and span respectively. The
standing slot was designed to mount the wing inside the
wind tunnel on the six component balance. Figure 11
shows how the wing was fixed inside the wind tunnel. In
Figure 12, it shows the circuit of all the electrical
components including the 6 wires SMA embedded in the
wing connected with LabVIEW and NI-DAQ. Figure 13
shows the image of 6 wires SMA placed at force node of 3
(upper part) and 37 (lower part). The wing model was
installed in the test section of wind tunnel as shown in
Figure 14. The calibration angle must be made to ensure
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the wing at the exact angle of attack.

| T ,
~_{ = N

Inlet Outlet

T

/ Bottom  Strut

Balance system

Amplifier

\

Computer

Figure 11 Six-component balance for wind tunnel testing

Power Supply

Relay

Shape Memory Alloy

Data Acquisition System? . J
cDAQ 9174 R E—— —

LabVIEW

NI 9211
NI9201
| N19263

Clamped Point

Figure 12 Self-sensing circuit for morphing wing

Figure 13 6 wires SMA inside the NACA 0012 wing model
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Figure 14 NACA 0012 wing model was installed in the test section

IV. RESULTS AND DISCUSSION

4.1 SMA Characterization

The purpose of SMA characterization is to establish
the change in SMA and system’s behaviour. For the SMA
characterization, it was divided into two parts: 1 wire
characterization and 6 wires characterization. 1 wire
characterization analysis was to establish the specific
characteristics of the wire during heating and cooling as
reference for the experimental wing model. 6 wires were
the total wires being used inside the morphing wing to
achieve the required deflection.

1 SMA wire characterization provided the
relationship between the current supplied, temperature of
the SMA wire, voltage drop across the SMA wire i.e.
change in resistivity and the change in strain or deflection
of the wing structure. It is critical to establish this
relationship to design the system of the actual wing model.
Since the system employs resistance feedback control, it is
essential to correlate the voltage drop across the SMA with

the amount of power supplied. Additionally, SMA
characterization also will act as a guideline in developing
the self-sensing morphing wing for the wind tunnel testing.
The characterization data is as shown in Tables 3 and 4.

From Table 4, it shows that during the heating process,
the strain was highest at 0.00419 at which temperature
reached 48°C where the voltage across SMA was 0.933V.
Since the power resistor was arranged in series with the
SMA wire, the current of SMA was equal to the current
across power resistor. The resistance of the power resistor
was 1 ohm, thus the current can be calculated to be 0.844A
as the voltage was 0.844V. Resistivity of the SMA can then
be calculated to be 1.105Q. For this set of data, the value
of power supply was 3V at 0.8 A which was much higher
than the voltage across SMA. This was due to the series
connection of SMA wire with other components in the
circuit such as Ni-DAQ, power resistor and wire. During
cooling process, the change in strain was not the same as
heating process as expected due to hysteresis as shown in
Table 5. The changes of strain decreased gradually as the
power supply was decreased.

Table 4 SMA characterization for 1 wire during heating

Volt Current Voltage | Voltage | Temperature Strain
Power (A), drop drop SMA (°C)
supply | Power across across
supply Power SMA (V)
Resistor
(V)

0 0 0.029 0.070 32 0
0.5 0.01 0.120 0.186 32 0
1.0 0.25 0.259 0.321 34 0.00013
1.5 0.37 0.387 0.501 36 0.00033
2.0 0.52 0.536 0.696 40 0.00029
2.5 0.65 0.68 0.845 43 0.00219
3.0 0.80 0.844 0.933 48 0.00419
3.5 0.92 0.973 1.000 52 0.00419
4.0 1.07 1.120 1.200 60 0.00419
4.5 1.20 1.270 1.370 68 0.00409
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for 1 wire during cooling

Volt Current | Voltage | Voltage | Temperature Strain
Power (A), drop drop SMA(°C)
supply [ Power across across
supply Power | SMA(V)
Resistor
(V)
0 0 0.07 0.03 32 0.00199
0.5 0.12 0.12 0.162 32 0.00228
1 0.27 0.284 0.352 34 0.00285
1.5 0.39 0.48 0.506 36 0.00331
2 0.52 0.526 0.619 38 0.00348
2.5 0.65 0.685 0.768 42 0.00363
3 0.8 0.844 0.912 48 0.00376
3.5 0.92 0.988 1.05 52 0.003848
4 1.07 1.08 1.23 62 0.00399
4.5 1.2 1.27 1.37 68 0.00409

The change of strain on the plate with increment of
voltage across the SMA is shown in Figure 15. It can be
seen that during the heating process the plate actuated
rapidly after Vd reached 0.696V and current of 0.536A at
the temperature 40°C. From the result, it can be seen that
at least 0.845V and 0.68 A was required to change the SMA

STRAIN VS V,

= Heating
0.005

0.004
0.003

0.002

STRAIN

0.001

0.6
VD

-0.001

Figure 15 Strain against Voltag

Table 6 SMA characterization

NiTi wire phase to austenite which shortened the length of
SMA. It also started to maintain its highest peak of
0.00419 strain throughout the process even though Vd
kept on increasing. Thus, the Vd value of 0.933V at
0.844A was enough to actuate the SMA and plate to
achieve the maximum deflection.

SMA (V)

Codling
0.0mM08419

0.00412 g.00409

08
SMA (V)

1.2 1.4 1.6

e drop across 1 SMA wire

for 6 wire during heating

Voltage Current Voltage Voltage | Temperature
Power Power Power across SMA(°C)

supply (V) | supply (A) | Resistor SMA (V)

V)

0.00 0.00 0.003 0.002 26.90
0.50 0.04 0.053 0.480 27.50
1.00 0.07 0.084 0.809 27.30
1.50 0.12 0.084 0.809 27.30
2.00 0.17 0.207 1.616 29.10
2.50 0.21 0.258 1.920 31.50
3.00 0.26 0.315 2.340 33.90
3.50 0.30 0.361 2.690 36.00
4.00 0.33 0.418 3.080 38.00
4.50 0.37 0.500 3.510 40.69
5.00 0.42 0.562 3.850 41.57
5.50 0.46 0.562 4.300 47.84
6.00 0.57 0.633 4.500 54.93
6.50 0.64 0.690 4.810 66.00
7.00 0.67 0.721 5.380 66.00
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Table 7 SMA characterization for 6 wire during cooling
Voltage Current Voltage Voltage | Temperature
Power Power Power across SMA (°C)
supply (V) | supply (A) [ Resistor SMA (V)
(v)
0.00 0.00 0.002 0.002 27.35
0.50 0.04 0.048 0.347 27.90
1.00 0.07 0.150 1.140 29.22
1.50 0.12 0.150 1.140 29.20
2.00 0.17 0.186 1.540 31.00
2.50 0.21 0.222 1.870 32.60
3.00 0.26 0.279 2.250 34.00
3.50 0.30 0.346 2.590 37.00
4.00 0.33 0.397 3.000 40.47
4.50 0.37 0.440 3.500 45.69
5.00 0.42 0.500 3.810 46.00
5.50 0.46 0.536 4.170 47.00
6.00 0.57 0.618 4.520 53.00
6.50 0.64 0.644 5.000 57.00
7.00 0.67 0.711 5.320 65.00
The ch.aracterlzatlon fiata as in Tables 6 apd 7 can be VA(V) SMA vs Time(s) o
used to design the morphing wing system using suitable
voltage drop for the step input to be used for the wind . nput
tunnel testing. The best step input was compared with data 08 — e =
1 wire characterization in Table 4. From Table 4, the best g 06
step input selected is at lowest strain value where it began 3 E;‘
to deflect at 0.00029 strain and 40°C and highest 5
deflection at 0.000409 strain and 68°C. From this 020 20 40 60 80
comparison, the best step input for 6 SMA wires selected Time
is according to temperature for I SMA wire. Step input Vd
= 3.5V and Vd = 4.8V were selected to correlate with the (@)
1 SMA wire characterization.
Temperature (°C) vs Time (s)
80
4.2 Feedback Control Results 2 6o
The results from SMA characterization was analyzed £ 20 —/_ﬂ\
and implemented in the feedback with PID control system i
to distinguish determine the best PID gain. Different PID £20
controller characteristics was analyzed based on step input "o
0f 0.6V, 0.7V, 0.8V and 0.9V. The delay time, Td, rise time, ¢ “ Time(s) o &
Tr, overshoot, %0S, peak time, Tp, and settling time, Ts,
of voltage feedback controller could be determined. The (b)
project objective was to design the PID controller with the
smallest error, fast response time and low overshoot. Each Error (%) vs Time (s)
test was divided into 2 phases: the wire was heated by the 20
current to achieve the desired step input (3.5V and 4.8V), 0
0 20 40 60 80

for the first 60 seconds followed by 20 seconds of applying
0V step input so that the wire is allowed to cool completely
prior to the next run.

Figure 16 shows the result of voltage drop,
temperature and error from the second set of controller
using K¢ =1.2. Ti=0.010 Td=0.000 at step input 0.9.

-50

Error (%)

-100
-150
Time(s)

(c)

Figure 16 PID step response for (a) Voltage drop
across SMA, (b) Temperature, (c) Error at 0.9V
with Kc=1.200
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Figure 17 shows the result of voltage drop,
temperature and error from the second set of controller
using Kc=0.075 Ti=0.003 Td=0.02 at step input 3.5V.

For the first PID with gain K.= 1.0 as shown in Table
8, all the step input had low overshoot percentage of not
more than 5%. But the delay time was high compared to
other PID. Peak time and delay time were the highest when
step input was 0.7V. This step input produced high
percentage of overshoot of 3.9%. This system is
considered stable as the error was low but in terms of
response time, it was very high thus not favourable for the
actuation system that required fast response time.

Vd (V) SMA vs Time (s)

5 —f]
<T 4 A . Input
= | e
wn 3
22
p
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0
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Time(s)
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®
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Error (%) vs Time (s)
50
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é -50
]

-100

-150

Time(s)
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Figure 17 PID step response for (a) Voltage drop
across SMA, (b) Temperature, (c) Error at 3.5V
with Kc=0.075

From the results, PID with gain K¢ = 1.2 had the best
performance compared to 1.0 and 1.5. The response was
fast with lowest delay time as step input goes higher,
lowest rise time, and lowest settling time. Settling time for
0.9V was 14.78s while K¢ = 1.0 required 23s compared to
K. = 1.0 at 17s. But in terms of overshoot, this PID had
high error ranging from 2.5%-9%. As step input increased,
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the error reduced. This also shows in K. = 1.0 where the
overshoot error reduced when higher step input was used.

For PID K. = 1.5, the control system performance
was deemed unacceptable. The delay time and rise time
was short which indicated that is good for actuation but the
steady state error was as high as 23% and fluctuated. From
the presented data, it was demonstrated that higher Ki can
decrease the response time but it may increase steady state
error.

Table 8 Performance of self-sensing control system
for 1 SMA wire for different step input

PID Vg | Delay | Rise | Over- Over- | Peak | Settling
(V) | time time | shoot shoot | time | time(s)
(s) (s) value (V) | (%) (s)

Ke=1.0 0.6 | 21.75 | 22.67 | 0.019451 | 3.24 52.37 | 24.45
Ti=0.010
Tqs=0.000

0.7 | 18.17 | 19.98 | 0.027335 | 3.90 21.79 | 22.68

0.8 | 15.48 | 17.26 | 0.030081 | 3.76 20.01 | 235

0.9 17.38 | 18.31 | 0.022553 | 2.51 57.67 | 23.76

K=1.2 0.6 | 18.27 | 19.17 | 0.04039 | 6.67 43.68 | 20.08
Ti=0.010
Tq= 0.000

0.7]15.57 |15 0.063296 | 9.04 17.37 | 20.99

0.8]12.87 | 14.7 |[0.035218 | 4.40 37.68 | 39.47

0.9 12.00 | 12.92 | 0.022553 | 2.51 3595 | 14.78

K=1.5 0.6 | 14.46 | 14 0.086236 | 14.37 | 16.26 | 27.94
Ti=0.010
T4=0.000 0.7 1179 |12 0.047884 | 6.84 14.50 | Unsteady

0.8 | 11.03 | 10.5 | 0.096866 | 20.46 | 51.22 | Unsteady

09(9.24 11 0.21263 | 23.62 | 11.97 | Unsteady

Table 9 Performance of self-sensing control system
for 6 SMA wires for different step input

PID Vg Delay | Risetime| Overshoot Peak Settling
(V) | time(s) (s)

value (V) time(s) | time(s)

Kc.=0.075 | 3.5 [ 10.0228 10.5
Ti=0.002
T¢=0.015

5.15 (47%) 10.9 14.5855

4.8 | 7.35953 | 8.26296 5.412563 10.0453 | 12.8040

(12.5%)
4.225844 | 17.4565 | 21.1008
(20.57%)
5.294405 | 14.6212 | 16.4434
(10.20%)

Kc.=0.070 | 3.5 | 15.6414 | 16.5387
Ti=0.003
Te=0.02 4.8 | 10.9388 12

4.3 Wind Tunnel Results

The wind tunnel tests were conducted at low speed
wind tunnel with flow velocity of 20m/s. The ambient test
condition temperature was 30°C, atmospheric pressure of
101.1kPa and air density of 1.255kg/m?®. The angle of
attack was varied from at -12° to 16° with increment of 2°.
For each test, the data was taken at OV (not actuated), and
step input of 3.5V and 4.8V. The data was collected from
DARCS software where the drag coefficient, C, and lift
coefficient, C; values were calculated based on force axis
in x-direction, Fy and z-direction, F,. The graph of C; was
compared against the angle of attack at 20m/s of airspeed
as shown in Figure 20 for three conditions; without
actuation, actuated at 3.5V and actuated at 4.8V.

As shown in Figure 18, from angle -12° to -2°, C;
did not show any differences or improvements between
actuated and non-actuated condition. The improvement of
C, was at zero degrees angle of attack with increment of

0.010. At 2°, 4°, 6°, C; increament of 0.037, 0.038 and
0.065 respectively were observed. Table 10 shows the the
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changes in C; for the wing when it was actuated at 4.8V

C,vs AOA at 20 m/s

=48V actuated 3.5V actuated No actuate

0.4
0.3 Y e
0:2
0.1
04
-15 -10 -5 {o 5 10 15 20
= #'-—'ﬂ_iu'.
L
-0.2

Figure 18 Graph C, against angle of attack at 20m/s
from experimental results

Table 10 Changes in lift coefficient at 4.8V due to

SMA actuation
Angle of Lift Coefficient (7 Aac, % increase

attack ov 4.8V
0 0.019 0.029 | 0.010 | 51.34836035
2 0.053 0.090 | 0.037 | 69.98866767
4 0.103 0.142 | 0.038 | 36.91355499
6 0.140 0.205 | 0.065 | 46.75214085
8 0.312 0.285 | -0.027 | -8.562154076

Figure 19 shows the change in C, for the wing
without and with actuation at 3.5V and 4.8V. It can be
observed that drag coefficient reduced for all angle of
attack for 3.5V and 4.8V step input. This shows great
improvement as drag was reduced for all angles of attack
when SMA was actuated.

Cp vs AOA at 20m/s

et 8V actuated 3.5V actauted No actuate

0.08
0.06

0.04 /\\
8 0.02 /J\
0 /'h
Y
-15 ','Ul#xw 5 10 15 20
-0.04

AOA

=

Figure 19 Graph C, against angle of attack at 20m/s
from experimental results

In Table 11, the results show that the actuated
morphing wing improves the aerodynamic performance
with angle of attack compared with the non-actuated. L/D
ratio at cruise angle of 2° improves at 4.55 while 4.8V at
4.39. At angle 4° and 6° also shows improvement as much
as 9 and 10 L/D. While at 8°, the L/D decreased, and this
may be due to stall at 8° as shown in drag coefficient graph
in Figure 19. Thus, we can say this data proves the concept
that morphing wing with SMA actuator can improve the
aerodynamic performance at different angle of attack.

Table 11 Changes in lift-to-drag ratio
AOA L/D L/D L/D AL/D | AL/D
() ov 3.5V 4.8v 3.5V 4.8v
097375 | -2.94712 | -0.00027 | -3.92087 | -0.97402
1.710559 | 6.268822 | 6.103591 | 4.558263 | 4.393032
2.515051 | 11.7299 |11.7144 | 9.214849 | 9.199351
2.882561 | 11.88592 | 13.67657 | 9.003364 | 10.79401
4.199324 | 6.968785 | 7.622421 | 2.769461 | 3.423097

[ocl ep i B = I S Nen)

Figures 20 and 21 show the performance of the self-
sensing system during wind tunnel testing. Then further
analysis on PID performance to compare with the
performance with no wind loading. This is vital to
compare the efficiency of the system under wind loading.
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Figure 20 3.5V step response under wind loading for;
(a) Voltage drop across SMA, (b) Temperature,
(c) Error for Kc=0.075, Ti= 0.002 Td= 0.015
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Temperature (°C) vs Time (s)
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Figure 21 3.5V step response under wind loading for;
(a) Voltage drop across SMA, (b) Temperature,
(c) Error for Kc=0.075

From Table 12, it can be seen that 4.8V step input has
shorter delay, rise time, peak time and settling time
compared with 3.5V step input. Both step inputs also have
overshoot exceeding 5V which are 5.32V and 5.4V
respectively. This PID characteristics behavior shows the
same pattern as in Table 8 with difference of only around
1-2s for all the characteristics. The step response of the
self-sensing morphing wing without or with wind loading
shows that the higher the step input, the shorter the delay,
rise, peak and settling time. The controller developed
performed effectively in the wind tunnel tests even in the
presence of wind loading.

Table 12 Experimental test performance of self-
sensing morphing wing for different step input

PID V4 Delay | Rise | Overshoot | Peak | Settling
(V) time time | value (V), | time | time (s)
(s) (s) (Error %) (s)
=0.0075 | 3.50 9.37 10.50 | 5.32, (52%) | 11.89| 15.00

T;=0.002
4. .7 X 40, (12% R 14.
T4 0.015 80 6.70 8.00 | 5.40, (12%) | 8.85 50

From the wind tunnel testing, the data shows the
difference of drag and lift coefficient without and with
actuation. This proves that the self-sensing system's
performance was acceptable under wind loading with
speed of 20m/s. Improvements of drag and lift was
recorded when the wing morphed at certain angle before it
stalls. The highest improvement of L/D was at angle of
attack of 6° with values of 10.79 for 4.8V step input before
it stalls at 8°. For un-morphed condition, it produced the
highest L/D at 8° and stalled at 12°. For the PID controller,
the actuation performance was the best with the presence
of wind loading. The error recorded was less than 2%
during the settling time.
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V. CONCLUSIONS

A self-sensing morphing wing system using shape
memory alloy has been developed in the research
presented  here. The development  involves
multidisciplinary design involving aerodynamics, material,
structure, design, fabrication, control and system
integration. The test bed for morphing wing was limited
due to the size of the test section of the wind tunnel. The
minimum size was set to 17cm x 200cm and produced into
3 parts for ease of fabrication due to 3D printer limitation.
The design and fabrication of the morphing wing system
was critical to ensure easy integration of SMA inside the
wing.

The change of resistivity during actuation was
successfully utilized as the input to the feedback system
with a PID controller. The performance of the system was
excellent with low delay, rise, peak and settling time. Even
though overshoot was high, the temperature was the same
indicating that phase changes of SMA did not occur. Thus,
it is feasible to use shape memory alloy as both sensor and
actuator for the morphing wing system without any
additional sensor, thus reducing the weight and cost of the
system.

The wing model was tested at angle of attack between
-12° and 16° at wind speed of 20m/s. The experimental
results of wind tunnel testing showed that the morphing
wing system produced improvement on lift, drag and lift-
to-drag ratio as predicted from earlier work using
computational fluid dynamics. L/D improved as much as
9.2 at 4° AOA for SMA actuation of 3.5V and 10.79 at at
6° AOA for SMA actuation of 4.8V. PID controller built
for SMA characterization can be used for wind tunnel
testing as shown in the results. The performance of the
controller was excellent even under the presence of wind
loading.

Further improvements on the system developed in
this research can be achieved by analysing larger range of
actuation, using larger wing span for increased accuracy of
aerodynamics data, improving the fabrication technique,
manufacturing and integration of SMA wire for a larger
ease of maintenance and comparing the performance of the
self-sensing system with strain feedback and temperature
feedback in order to design the optimal morphing wing
system using shape memory alloy actuator.
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