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Abstract

The objective of this research work is the development of an actuation control concept for a new morphing wing
mechanism using smart materials made of Shape Memory Alloy (SMA) for the actuators and surface mounted pressure
sensors. These actuators modify the upper wing surface, made of a flexible skin, so that the laminar-to-turbulent transition
point moves close to the wing airfoil trailing edge. An intelligent controller was used for the open loop development step of
the morphing wing project, and the closed loop of the morphing wing system included, as an internal loop, the controller
actuation lines, based on the pressure information received from the sensors and on the transition point position estimation.
The strong nonlinearities of the SMA actuators’ characteristics and the system requirements led to the choice of a Fuzzy
Logic Controller. The input-output mapping of the fuzzy model was designed taking account of the system’s error and
change in error. After preliminary numerical simulations using to tune the controller, an experimental validation was
performed. The experimental validation consisted in experimental bench tests in laboratory conditions in the absence of
aerodynamic forces, and in wind tunnel tests; the transition point real time position detection and visualization were
realized.

1. Introduction

The recent aims in aviation bring in front new horizons for researches related to the drag reduction through
morphing an adaptive wing, which is motivated by rising fuel costs and environmental concerns. The concept relies on
delaying the transition location toward the wing trailing edge by morphing the upper surface of the wing. The main
objective of this concept is to promote large laminar regions on the wing surface, thus reducing drag over an operating
range of flow conditions characterized by Mach numbers, airspeeds, and incidence angles [1]-[3]. The airborne
modification of an aircraft wing airfoil shape can be realized continuously to maintain laminar flow over the wing surface
as flight conditions change. To achieve such a full operating concept, a closed loop control system has to be developed to
link the flow fluctuations over the wing surface to the morphing mechanism (actuators). The flow fluctuation signals can be
detected by conventional pressure transducers or the new emerging pressure optical sensors. Linked to a controller system,
the collected data would be treated in real time aiming to identify the location of transition and then sending a signal to the
actuator system to adjust the wind surface to delay the transition location.

The here presented work was performed under the 7.1 Consortium for Research and Innovation in Aerospace in
Quebec (CRIAQ) collaborative project between academia and industries. In this project, the laminar flow behavior past
aerodynamically morphing wing was improved to obtain significant drag reductions. The project partners were the Ecole de
Technologie Supérieure (ETS), Ecole Polytechnique of Montreal, the Institute for Aerospace Research at the National
Research Council Canada (IAR-NRC), Bombardier Aerospace, and Thales Avionics. This collaboration calls for both
aerodynamic modeling as well as conceptual demonstration of the morphing principle on real models placed in the wind
tunnel.

2. Project context

A first phase of this project involved the determination of some optimized airfoils available for 35 different flow
conditions expressed in terms of five Mach numbers (0.2, 0.225, 0.25, 0.275, 0.3) and seven angles of attack (-1°, -0.5°, 0°,
0.5°, 1°, 1.5°, 2°) combinations. The optimized airfoils, derived from a laminar WTEA-TEI reference airfoil [4], [5], were
calculated by the Ecole Polytechnique team ([6]), and were used as a starting point in the actuation system design. Three
steps were completed in the actuation system design phase: optimization of the number and positions of flexible skin
actuation points, establishment of each actuation line’s architecture, and the analytical modeling of the smart materials
actuators used in this application. The next phase of the project was related to the design of the actuation control. In this
design, numerical simulations of the open loop morphing wing integrated system, based on a SMA non-linear analytical
model ([7]-[8]), were used first. As subsequent validation methods, a bench test and a wind tunnel test were performed ([9]-
[10]). Simultaneously, the transition point real time position detection and visualization were realized. Finally, the design
and the experimental validation in wind tunnel tests were performed for the morphing wing closed loop system ([11]-[12]).

The chosen wing model was rectangular with a chord of 0.5 m and a span of 0.9 m; the model was equipped with
a flexible skin made of composite materials morphed by two actuation lines (Fig. 1). The flexible skin was manufactured in



a 4 ply laminate structure in a polymer matrix, with two unidirectional carbon fiber inner plies and two hybrid
Kevlar®/carbon fiber outer plies. The hybrid Kevlar®/carbon fiber was used in the chordwise direction, in which flexibility
was needed for profile modification, whereas the low-modulus unidirectional carbon fiber was spanwise installed, in which
case rigidity was preferred. The total thickness of the skin was 1.3 mm, the total Young modulus was 60 GPa, Poisson’s
ratios were 0.12 for carbon/Kevlar® hybrid and 0.25 for unidirectional carbon [13]-[17]. Each actuation line uses shape
memory alloys SMA wires as actuators. At the same time, 32 pressure sensors (16 optical and 16 Kulite), distributed on the
flexible skin chord-wise and span-wise, were installed on the wing’s flexible skin. These sensors were positioned on two
diagonal lines at an angle of 15 degrees from its centerline. The rigid lower structure was made from aluminum, and was
designed to allow space for the actuation system and its wiring.
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Fig. 1 Mechanical schematic of the morphing wing model

The shape memory actuator wires used here were made of nickel - titanium, and contract as muscles do when
electrically driven. This ability to flex or shorten is a characteristic of certain alloys that dynamically change their internal
structure at a certain temperature. These alloys have the properties of exhibiting martensitic transformation when they
deform at a low temperature phase, and may recover their original shape after heating [11]. This property of changing the
wire length as a function of the electrical current passing through the wire is used for actuation purposes [11]. Another
major reason for the use of Nitinol and Ni-Ti material is that Nitinol is the most effective material at withstanding repeated
cycles of heating and cooling without exhibiting a fatigue phenomenon [18].

Each of our actuation lines uses three SMA wires (1.8 m in length) as actuators, and contains a cam, which moves
in translation relative to the structure (on the x-axis in Fig. 1). The cam causes the rod movement to be related on the roller
and on the skin (on the z-axis). A compression gas spring was also used as recall. When the SMA is heated the actuator
contracts and the cam moves to the right, resulting in the rise of the roller and the displacement of the skin upwards.
Cooling of the SMA, results in a cam motion to the left, and thus a movement of the skin downwards. The horizontal
displacement of each actuator is converted into a vertical displacement at a rate of 3:1, which gives the conversion of the
horizontal stroke of x mm into a vertical stroke z = x/3. The cam factor ¢, = 1/3. From the optimized airfoils, an
approximately 8 mm maximum vertical displacement was obtained for the rods (Fig. 2), which thus required a maximum
horizontal displacement of 24 mm from the actuators.
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Fig. 2 Morphed airfoil for different flow cases

To control the transition point position through morphing of the airfoil shape the control of the actuation system
should be performed. In this way two electrical power supplies were used. The role of power supply command is given by a
controller, which receives information about the external airflow state from a set of several pressure sensors. The controller
compares the information received from sensors with the information stored in a database in the computer memory. If the
controller executes the command from the information stored in the database, then the control strategy is defined as open
loop (Fig. 3), because of the fact that the controller gives no feedback about the airflow state. If the controller receives



information from the sensors about the airflow state and compares it with the information stored in the database, then
decisions can be made and actuators states can be adjusted and we further define the control strategy as closed loop (Fig.
4). So, depending on the project evolution phase, two architectures were considered for our morphing system: open loop
and closed loop. The difference between these two architectures is given by the use of the transition point as feedback
signal.
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Fig. 3 Open loop control system schematics
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Fig. 4 Closed loop control system schematics

3. Actuation system controller design

The architecture of the developed open loop morphing wing model can be observed in Fig. 5 (starting from
general model in Fig. 3). As we can observe, the controller purpose is to control the SMA actuators by the instrumentality

of the power supplies in order to morph the upper surface of the wing until the real vertical displacements (dY, ,,dY, ) in
the two actuation points equal the desired vertical displacements (dY, .dY, ) corresponding to the optimized profile,

theoretically obtained for the current flight condition. Taking into account that the output of the data acquisition card,
controlling the power supplies, are in a direct-proportionality with the electrical currents applied to the actuators, in the
design stage and in the numerical simulations, the controller output will be considered the electrical current. The scheme in
Fig. 5 shows that, for security reasons, some thermocouples were used to monitor the actuators temperatures; the used
actuators are six wires of Ni-Ti (three for each of the two actuation lines) which work at temperatures over 60-70 °C.
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Fig. 5 Architecture of the developed open loop morphing wing model



For the actuation lines controller different architectures were developed: by using classical PID architecture, and
fuzzy logic based - PIDs with constant coefficients or in self-tuning variant. Here presented controller is a fuzzy PID with
constant proportional, derivative and integral coefficients. As inputs of the controller were used the error e (the difference
between the desired and the real vertical deflections) and the derivative of the error, very well known in the fuzzy control
theory as change in error Ae, while as output was considered the electrical current i provided to the actuators (Fig. 6). The

architecture was used for both actuation channels of the morphing model. The elements in Fig. 6 are: K, - integral gain,
K, - proportional gain, K, - derivative gain, and K, - change in output gain (which includes the conversion from output
voltage of the data acquisition card to electrical current obtained at the output of the power supply).
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Fig. 6 Fuzzy PID controller architecture

Each of the fuzzy logic controller (FLC) input or output signals have the real line as the universe of discourse
[19]-[20]. For our system, the [-1, 1] interval was chosen as the universe for inputs signals, and [0, 1] interval was chosen
as the universe for output signal. Also, following numerical simulations, we have chosen a number of two membership
functions for the first input, three membership functions for the second input, and three membership functions for the
output. The shapes chosen for inputs membership functions were s-function, n-function, respectively z-function. Generally,
an s-function shaped membership function can be implemented using a cosine function:

0, if x<x,
1 X—= 'xrz;ghr .
S( Xy s X s X) = 3 I+cos| ———m ||, if x, <x<x_,., (1)
‘xn'ghr - xkyi
1, if x>x

right

a z-function shaped membership function is a reflection of a shaped s-function:

1, if x< Xy
1 X=X, .
Z( Xy s X s X) = 5 I+cos| ——— ||, if x, <x<x,,., (2)
xr‘ig/ﬂ T MM
0, if x>x

right
and a m -function shaped membership function is a combination of both functions:

TU(Xigy > X015 X5 X s X) = T[S (X5 X, X, 205,155 % 5,5 X)), (€)

with the peak flat over the [x

ml?

X,,] middle interval. x is the independent variable on the universe, x,, is the left

breakpoint, and x,_, is the right breakpoint [19].

right
To define the rules, a zero-order Sugeno fuzzy model was chosen, which for a two input - single output system
with N rules is given by:

Rulel: If x, is A and x, is A,, then y'(x,x,)=b,,
Rulei: If x, is A’ and x, is A}, then y'(x,,x,)=b,, )

Rule N: If x, is A" and x, is A), then y"(x,x,)=b,.

A; (i=1,_N) are associated individual antecedent fuzzy sets of each input variable, x, (q=1,_2) are individual input

variables, and y' (i = L_N) is the first-order polynomial function in the consequent, and b(‘; (i= I,_N) denotes a scalar offset.
According to the values in the Table 1, the membership functions for the inputs are by the form depicted in Fig. 7,



and are given by the eq. (1), (2) or (3):

Al(x)=A;(x)=n(-1, 0,0,1,x),

A (x) =z(-1,0,x),

Al(x) = Al(x) =5(0,1,x).

Table 1. Parameters of the input’s membership functions
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Fig. 7 Membership functions for the fuzzy logic controller inputs
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For the output membership functions three constant values were chosen: 0, 0.5 and 1. Starting from the inputs’ and output’s
membership functions, a set of 6 inference rules were obtained (N=6):

Rulel: If eis A' and Aeis A;, then y'(e,Ae)=0,

Rule 2:
Rule 3:
Rule 4:
Rule 5:
Rule 6:

If eis A' and Aeis A,
If eis A' and Aeis A,
If eis A’ and Ae'is A},
If eis A’ and Aeis A;,
If eis A’ and Aeis A],

then y’(e,Ae) =0,
then y’(e,Ae)=0.5,
then y*(e,Ae)=0,
then y’(e,Ae)=0.5,
then y°(e,Ae)=1.

®)

The rule-based inference chosen for each consequent is presented in Fig. 8. With the previous considerations, the fuzzy
control surface results by the form presented in Fig. 9.

The fuzzy control surface was chosen in this way because it is normal that in the SMA cooling phase the actuators
would not be powered. Therefore, the fuzzy controller was chosen to work in tandem with a bi-positional controller
(particularly an on-off one); the controller should behave as a switch between the SMA cooling and heating phases, in
which the output current is 0 A, or is controlled by the fuzzy logic controller. As a consequence, the resulted controller
operational scheme resulted by the form in Fig. 10.

To optimize all coefficients in the control scheme, the open loop of the morphing wing system was implemented
in Matlab-Simulink model as in Fig. 11.
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After a tuning operation the optimum values of the controller gains were established. Further, the controller was
tested through numerical simulation to ensure that it works well. A relevant test was for a successive steps signal applied to
the input of the controlled actuator; the obtained characteristics are shown in Fig. 12. The results confirm that the obtained
controller works very well in both phases (heating and cooling) of the SMA actuators.
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Fig. 12 Numerical simulation results for the actuation line controller

4. Wind tunnel validation of the designed controller

The wind tunnel tests were performed in the IAR-NRC wind tunnel at Ottawa. During the project were made
different wind tunnel tests in order to validate the interaction between the components of physical model of the morphing
wing (Fig. 13). The last two tests were decisive for the open loop, respectively for the closed loop architectures validation.

Fig. 13 Wind tunnel morphing wing model

Based on the theoretical and numerical simulation results analysis, two Programmable Switching Power Supplies
AMREL SPS100-33, controlled by Matlab/Simulink through a Quanser Q8 data acquisition card, were used to implement
the controller physical model [21]-[23]. The power supplies have RS-232 and GPIB IEEE-488 as standard features and
technical characteristics that include: Power 3.3kW, Voltage (dc) 0-100 V, Current (dc) 0-33 A. The Q8 data acquisition
card has 8 single-ended analog inputs with 14-bit resolution. All 8 channels can be sampled simultaneously at 100 kHz,
with an A/D conversion times of 2.4 us/channel. Simultaneous sampling and sampling frequencies of up to 350 kHz for
two channels can be performed. Also, the Q8 card is equipped with 8 analog outputs, software programmable voltage
ranges and simultaneous update capability with an 8 us settling time over the full scale (20V).

The acquisition board was connected to a PC and programmed via Matlab/Simulink R2006b and WinCon 5.2 (Fig.
14). The input were two signals from the Linear Variable Differential Transformer (LVDT) potentiometers, which indicate
the positions of the SMA actuators, and six signals from thermocouples installed on each of the SMA wires’ components.
The acquisition sampling time was set to 10 ps. The output channels of the acquisition board were used to control each
power supply through analog/external control by means of a DB-15 I/O connector.

In the open loop wind tunnel tests, simultaneously with the controller validation, the real-time detection of the
transition point and visualization were performed, for all the 35 optimized airfoils. Also, a comparative study was realized
based on the transition point position for the reference airfoil and for each optimized airfoil, with the aim to validate the

aerodynamic part of the project. All tests confirmed the well work of the designed controller.
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In Fig. 15 are shown the results obtained for the run test 47 (airfoil case C124, Mach = 0.275, alpha = 0 degree).
From figure can be observed that the controller work even the actuator required displacement is zero because of the gas
springs pretension forces.
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Fig. 15 Wind tunnel results for airfoil case C124: Mach = 0.275, alpha = 0 degree

The transition detection was performed in real time using the pressure data signals obtained from the Kulite
pressure sensors. The pressure data were acquired using the IAR-NRC analog data acquisition system, which was
connected to the sensors. The sampling rate of each channel was at 15 kHz, which allowed a pressure fluctuation FFT
spectral decomposition of up to 7.5 kHz for all channels. The signals were processed in real time using Simulink. The
pressure signals were analyzed using Fast Fourier Transforms (FFT) decomposition to detect the magnitude of the noise in



the surface air flow. Subsequently, the data was filtered by means of high-pass filters and processed by calculating the Root
Mean Square (RMS) of the signal to obtain a plot diagram of the pressure fluctuations in the flow boundary layer. This
signal processing is necessary to disparate the inherent electronically induced noise, by the Tollmien-Schlichting waves that
are responsible for triggering the transition from laminar to turbulent flow. The measurements showed that in the processed
data, the transition appeared at frequencies between 3+-5kHz and the magnitude of the pressure variations in the laminar
flow boundary layer are on the order of 5e-4 Pa. The transition from the laminar flow to turbulent flow was shown by an
increase in the pressure fluctuation, which was indicated by a drastic variation of the pressure signal RMS.

The following figures (Fig. 16 and Fig. 17) show the instant plots of the Cp’s, RMS’s and spectre for the 15
pressure signals channels for airfoil case C124 with un-morphed and morphed profile. The sensors # 11 and # 12 were
removed from plots due to the bad dynamic signals which show electrical failure of the sensors. Sensor # 5 show a
misalignment of the Cp value with its neighbours which means there is a leak or a pinched reference tube. The dynamic
signal of the sensor # 5 was good and for that reason the sensor value was kept on the plots.
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Fig. 17 Instant plots of the Cp’s, RMS’s and spectre for airfoil case C124 morphed

Left middle figure shows the Xfoil Cp’s values for the reference airfoil (black line and circles) and for the
optimised airfoil (blue line and circles). Bottom figure shows the normalized RMS for 15 sensors for the reference un-
morphed airfoil and optimised airfoil. Right figures show the FFT spectra for the 15 channels. It is observed that for the
sensor #5, its C, is not aligned with the C,’s of the other sensors, which is explained by its leak or a pinched reference tube.
In Fig. 16 (un-morphed profile) the transition is localized by the sensor # 8 maximum RMS and the highest noise band on
the spectral plots (CH 3 black spectra on the right middle plot), while in Fig. 17 (morphed profile) the transition is localized



by the sensor # 14 maximum RMS and the highest noise band on the spectral plots (CH 2 magenta spectra on the right
lower plot).

5. Conclusions

The approaches for the design and for the validation of a smart concept for the actuation system control in a
morphing wing were presented. Also, the developed morphing mechanism used smart materials such as Shape Memory
Alloy (SMA) in the actuation mechanism. The controller was designed to control the SMA actuators by means of the
electrical current supply, in order to cancel the deviation between the required values for vertical displacements
(corresponding to the optimized airfoils) and the real values, obtained from two position transducers.

From the experimental results, it can be observed that a high frequency noise parasites the LVDT sensors and
thermocouple’s instrumentation amplifiers, but with small amplitudes, which does not significantly influence the flow
transition point position. All the numerical simulated and experimentally tested situations results confirmed that the
designed controller works very well.
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