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Abstract: The main objective of this research work is the development of an actuation control
concept for a new morphing actuation mechanism made of smart materials, which is built from a
shape memory alloy (SMA). Two lines of smart actuators were incorporated to a rectangular wing
to modify the upper wing surface, made of a flexible skin, with the intention to move the laminarto-turbulent transition point closer to the wing trailing edge.
After a brief introduction of the morphing wing system architecture and requirements, the
actuation lines’ design and instrumentation are presented. The integrated controller controls the
SMA actuators via an electrical current supply, so that the transducer position can be used to
eliminate the deviation between the required values for vertical displacements (corresponding to
the optimized airfoils) and their physical values. The final configuration of the integrated controller is a combination of a bi-positional (on–off) controller and a PI (proportional–integral)
controller, due to the two heating and cooling phases of the SMA wires’ interconnection. This
controller must behave like a switch between the cooling and the heating phases, situations
where the output current is 0 A, or is controlled by a PI type law. The PI controller for the heating
phase is optimally tuned using integral and surface minimum error criteria (Ziegler–Nichols). The
controller is numerically tested on the linear identified system in terms of time response, Bode
diagram, amplitude and phase stability margins, and root-locus.
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INTRODUCTION

Pushed by the increasing requirements for more efficient flight technologies, the concept of aircraft wing
morphing has undergone various forms of theoretical
design, modelling, and experimental testing. A series
of technologies that allow an aircraft to rapidly
change its shape during flight have been developed
[1, 2]. Interest in applying these new technologies
in the aerospace industry has grown due mainly
to the recent advances in the field of adaptive and
*Corresponding author: École de Technologie Supérieure, 1100 rue
Notre-Dame Ouest, Montréal, Québec H3C 1K3, Canada.
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intelligent structures. These structures generally use
smart materials and intelligent control systems. The
aim of this new technology is to create structures that
can change their shapes to attenuate vibrations and
produce an increase in vehicle stability and performance [3, 4]. Recently, the application trend is oriented towards the implementation of such adaptive
aerospace structures in the form of multitasking components to simultaneously reduce noise and vibrations, modify and control the wing shape, control
the alignment accurately, conduct fault detection,
etc. [3].
One of the most interesting areas of smart structure
applications is the morphing wing aircraft, which
changes its wings’ shape over multiple and dissimilar
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flight segments as a function of flight conditions. The
changes of the wing geometry and shape over different flight segments could maximize aircraft efficiency
and performance for a complete flight. At the same
time, it is very important to determine the advantages
and the gains of a morphing wing aircraft versus a
baseline un-morphed aircraft [1, 2].
Morphing wing refers to an aircraft wing that can
change in size and shape during flight, thereby significantly modifying the aircraft’s standard performance
or characteristics. The morphing wing technology is
not a totally new concept. Most aircraft wings already
have components which allow the wing to change its
shape (ailerons, flaps, etc.). The systems currently
used in flight control might deflect the air flow in a
desired direction, causing more lift by changing the
airfoil camber. Also, for every existing (known) aircraft, there is a method for changing the wing configuration: folding, telescoping, sweeping, etc. The
control of the wing surface is realized using different
methods through the relative displacements of rigid
structures [5]. On the other hand, numerical simulation of aircraft aerodynamics and experimental tests
already show that aircraft performance would
increase in many ways if the wing changes its shape
and size, or twists to a desired configuration to
achieve the appropriate conditions for flight control
[3], compared to merely incorporating a flap to the
wing. These changes would allow the wing to adapt
itself to different flight conditions [6].
Many theoretical and experimental studies on
morphing wings have been performed. These studies
began with the work on independent airfoils and then
extended to particular airplane configurations such
as UAVs. A broad range of aerodynamic optimization
strategies have been adopted for airplane design. In
reference [7], the research study has focused on the
shape of a morphing airfoil section and on the relative
strain-energy needed to morph from one shape to
another, which is considered as an additional design
factor. The study was also focused on evaluating the
drag design objective while constraints are enforced
on the lift. In reference [5], the main objective of wing
morphing was the increase of the aircraft efficiency to
achieve the lowest fuel consumption during the landing phase, where the optimization criterion was the
lift/drag ratio reduction. Aerodynamic morphing
wing models were developed in reference [8] using
Prandtl’s Lifting Line Theory. A methodology was
provided to compute the spanwise distribution
of the vorticity on a finite wing. The results were
expressed in terms of an extended operating envelope
for the wing angle of attack. In reference [9], the overall project objective was to design, fabricate, integrate, and verify a wing demonstrator able to morph
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its shape to increase lift for two distinct flight conditions in a wind tunnel test.
The benefits and the drawbacks of the morphing
wing concept and practicality should be evaluated
together. Aircrafts with morphing mechanisms will
have additional weight and energy consumption
owing to the power required by the actuators [2].
The mechanisms that would allow the morphing
wing concept to be realized for a commercial or military aircraft have been impractical because of the
weight and the cost effectiveness constraints. Smart
materials have been useful, indeed, in the actuation
and control systems for these types of hi-tech applications, such as Shape Memory Alloys (SMAs), and
piezoelectric and magneto-strictive materials, but
their deformation is controlled by their temperature
which, in turn, is controlled by a supplied electrical
current or magnetic field [6, 10–12]. Currently, these
new smart material technologies have enabled
research towards morphing wings concepts, while
observing aerodynamic efficiency, cost, and weight
constraints [13]. Specialists have estimated that the
weight constraint might be removed and the morphing mechanism might be made more practical by
using these advanced smart materials. However,
these materials are still being evaluated and investigated, and the certification process required for their
use in commercial and military aircraft with human
pilots has not yet been fulfilled.
In order to achieve the optimal outcome from the
aerodynamic studies, the actuation line of the
morphing structure must be precisely controlled.
Several control strategies have been adopted in different morphing applications as complex functions of
the morphing structure and actuator types. In
one case, the actuators were composed of stepper
motors controlled with Chopper Drive Cards’ separate circuit boards [14]. These drive cards use an
external DC power source, and contain a timer to
output pulses to the actuator stepper motor. By varying a potentiometer on the drive card, the step rate of
the actuator can be varied, allowing its speed and
force outputs to be controlled. Several robust control
designs for a morphing airfoil concept are presented
in reference [15]. An H1 controller and a twodegrees-of freedom H1 loop-shaping controller,
that track the commanded lift and roll moments,
respectively, were designed based on a linear aeroelastic model of a morphing wing. A control system
was built for the SMA actuator operated airfoil [16].
A wing airfoil prototype was measured using optical
fibre sensors and traditional strain gauges. External
laser sensors were used to measure the displacements
of the upper and lower surfaces and the trailing edge.
Shape changes were obtained by embedding SMA
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wire actuators into fibre-reinforced polymer composite structures. The SMA actuators were activated with
Joule heating, and the temperature was measured
with integrated thermocouples and optical fibre
temperature sensors. An unsupervised learning simulation using the Q-Learning method was developed
in references [17, 18] to learn about the optimal shape
and shape change policies for a problem with four
state variables. Optimality was addressed by rearward
functions based on airfoil properties such as lift, drag,
and moment coefficients. The reinforcement learning, as applied to morphing, was integrated on a
computational airfoil model.
The objective of the research presented here is to
develop an actuation control concept for a new
morphing mechanism using smart materials such as
SMA as actuators. These smart actuators deform the
upper wing surface, made of a flexible skin, so that the
laminar-to-turbulent transition point could move
close to the wing trailing edge. The ultimate goal of
this research project is to obtain a drag reduction as a
function of flow condition by changing the wing
shape. This research work was a part of a morphing
wing project developed by the Ecole de Technologie
Supérieure in Montréal, Canada, in collaboration
with the Ecole Polytechnique in Montréal and the
Institute for Aerospace Research at the National
Research Council Canada (IAR-NRC).
A first phase of this project involved the determination of optimized airfoils available for 35 different
flow conditions expressed in terms of five Mach numbers and seven angles of attack combinations. The
optimized airfoils, derived from a laminar WTEATE1 reference airfoil [19, 20], were calculated 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 modelling of the smart
materials actuators used in this application. The
next phase of the project is about the design of the
actuation control, for which an integrated on–off
versus PI architecture was chosen. In this design,
numerical simulations of the open-loop morphing
wing integrated system, based on a SMA non-linear
analytical model, were performed. As subsequent validation methods, a bench test and a wind tunnel test
were conducted.
This article is organized as follows. Section 2 briefly
introduces the morphing wing system architecture
and requirements. Section 3 describes the actuation
lines’ design and instrumentation. Section 4 presents
how the integrated controller was designed. Section 5
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presents the conclusions for the controller design
phase.
2 MORPHING WING SYSTEM ARCHITECTURE
The final aim of our research project is the development of a morphing wing system that can delay the
laminar-to-turbulent transition point close to the
wing trailing edge. The transition location detection
is based on pressure signals measured by optical and
Kulite sensors installed on the upper wing flexible
surface. Depending on the project evolution phase,
two architectures are considered for the 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.
The work described here was developed in the
open-loop phase of the morphing wing system. In
this phase, numerical and experimental studies
were performed for the aerodynamics of the morphed
wing, flexible skin structure, actuation hardware, and
the actuation system control. Also, the studies
include the real-time determination and visualization
of the transition point position using the pressure
sensor system and infrared camera visualization.
The functions of the optical and Kulite pressure sensors are limited to the monitoring of the pressure and
its root mean square distribution in the boundary
layer.
The wing model has a rectangular plan form of
0.5 m chord and 0.9 m span. The wing airfoil crosssection is based on the reference airfoil WTEA-TE1.
Part of the wing upper surface was covered by a flexible skin made of composite materials (layers of
carbon and Kevlar fibres in a resin matrix) driven by
two actuation lines (Fig. 1). Each actuation line uses
SMA wires as actuators. At the same time, 32 pressure
sensors (16 optical and 16 Kulite) were distributed on
the flexible skin chordwise and spanwise as shown in
Fig. 2. These sensors were positioned on two diagonal
lines at an angle of 15 from the wing centre line. The
rigid lower structure was made from aluminium alloy,
and was designed to allow space for the instrumentation hardware and actuation system with its wiring.
The reference airfoil was optimized for 35 air flow
cases. Therefore, 35 optimized morphing airfoils were
obtained. The flow conditions were established as a
combination of five Mach numbers (from 0.2 to 0.3
with an increment of 0.025) and seven incidence
angles (from 1 to 2 with an increment of 0.5 ).
The Reynolds numbers (expressed in millions) for
the previous five Mach number cases are: 2.29, 2.57,
2.84, 3.10, and 3.37. For each flow case, the transition
point should be kept as close as possible to the trailing edge for the optimized airfoils. The flexible skin
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Fig. 1

Fig. 2

General architecture of the mechanical model

Pressure sensor distribution on the flexible skin

spans the surface wing from 1 per cent to 70 per cent
of the chord. Two actuation rods were incorporated at
25.3 per cent and 47.6 per cent of the chord,
respectively.
3

ACTUATION MECHANISM CONCEPT

The shape memory actuator wires were made of
nickel–titanium, and they contract as muscles do
when electrically excited. This ability of stretching
or shrinking 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 [21]. This phase
change, from martensite to austenite, is shown in
Fig. 3 [9, 13]. The load changes the internal forces
between the atoms, forcing them to change their
Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering

Fig. 3

SMA phase change
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positions in the crystals and consequently forcing the
wires to lengthen, which is called the SMA activation
or the initial phase. When the wire is heated using a
current, the heat generated by the current resistivity
causes the atoms in the crystalline structure to realign
and force the alloy to recover its original shape.
Therefore, any change in the alloy’s internal temperature would modify the crystalline structure accordingly and thus the wire’s exterior shape. This property
of changing the wire length as a function of the electrical current passing through the wire is used for
actuation purposes [21]. 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 any fatigue phenomenon [6].
SMA wires can execute the deflections resulting
from contracting or expanding forces and can provide
a variety of shapes and sizes that are extremely useful
to achieve actuation system goals. For example, SMA
wires can provide high forces corresponding to small
strains to achieve the right balance between the
forces and the deformations, as required by the
actuation system. To ensure a stable system, a compromise or balance must be established and maintained. The structural components of the actuation
system should be designed to respect the actuators’
capabilities to accommodate the required deflections
and forces.
Besides these numerous advantages, SMAs do have
their disadvantages. They require a high electrical
current to rapidly heat up to the transformation temperature. There are also surface-contact problems in
their attachment to other structures. They maintain
their volume during the entire transformation process; the decrease in length is accompanied by a
diameter increase. The wire cannot be directly

Fig. 4
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welded or epoxied to a surface because, after several
cycles of operation, the attachment would break
down. Another issue, which reduces a wire’s reliability, is over-heating or over-straining. If a wire is easily
over-heated or over-strained, the number of cycles of
operation will dwindle from thousands down to hundreds of times. Overall, the SMA actuator’s disadvantages were deemed to be very small and manageable
compared to the problems of the other types of smart
actuators.
SMA wires as actuators can be used in several different ways. They can be used as straight wires, or
they can be coiled to act as a spring, or they can be
bent and used in a ‘V’ configuration [9]. The first
choice is what was determined as the best option
for the morphing wing application. Several criteria
were incorporated, the primary being the desired
deflection; however, the required forces were considerable. The actuation mechanism concept is shown
in Fig. 4 [22] (the actuator image is displayed in Figs 1
and 2).
Each of our actuation line assemblies contains
three SMA wires (1.8 m in length each) as actuators
and a cam that is sliding spanwise on the supporting
plate (on the x-axis as displayed in Fig. 4). The spanwise translating motion is translated into vertical displacement (z-direction) using rollers. A compression
gas spring was also used as a recall. When the SMA is
heated, the actuator contracts and the cam moves to
the right and upwards pushing the flexible skin outwards. Cooling of the SMA results in a cam motion to
the left and causes the skin to move inwards. The
horizontal displacement 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 ¼ x/3 mm; then the cam factor is cf ¼ 1/3.
From the optimized airfoil shapes, an approximate

The actuation mechanism concept
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Fig. 5

Morphed airfoil shapes for different flow cases

value of 8 mm maximum vertical displacement was
achieved for the rods (Fig. 5), which thus required a
maximum horizontal displacement of 24 mm from
the actuators.
4

ACTUATORS’ INTEGRATED CONTROL
DESIGN AND NUMERICAL SIMULATION

In this article, the design and testing of an SMA actuator controller is presented. The SMA actuator control
can be achieved using any method for position control. However, the specific properties of SMA actuators such as hysteresis, the first cycle effect, and the
impact of long-term changes must be considered.
Starting from the established concept of the actuation
system, the operating scheme of the controller can be
developed, as illustrated in Fig. 6.
Based on the 35 studied flight conditions, a database of the 35 optimized airfoils was built. For each
flight condition, a pair of optimal vertical deflections
(dY1opt, dY2opt) for the two actuation lines is apparent.
The SMA actuators morphed the airfoil until the vertical deflections of the two actuation lines (dY1real,
dY2real) became equal to the required deflections
(dY1opt, dY2opt). The vertical deflections of the real
airfoil at the actuation points were measured using
two position transducers. The controller’s role is to
send a command to supply an electrical current
signal to the SMA actuators, based on the error signals
(e) between the required vertical displacements and
the obtained displacements. The designed controller
was valid for both actuation lines, which are practically identical.
During the first phase of the controller design,
numerical simulation of the controlled actuation
system was performed; a step which required an
SMA actuator model. In the literature, the modelling
and control of smart material actuators can be
Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering

categorized as recent research fields. Technical literature is available in three independent domains:
modelling, control, and smart materials. A smart
actuator is formulated for a large range of smart
materials and devices, and can be found in a variety
of different configurations. It is common knowledge
that all physical systems, including smart actuators,
contain non-linearities. As a consequence, linear
modelling of smart material actuators may contain
errors, while non-linear modelling is possible.
The non-linear model used here is based on a
numerical finite element method and was built by
Terriault et al. [23] using Lickhatchev’s theoretical
model. The inputs of the SMA model are the alloy
initial temperature, the electrical current (heating),
and the applied force; the outputs are the actuator
displacement and the alloy temperature. To use the
SMA shape-changing characteristics, an initialization
by an external force is required to pass initially
through the transformation phase and then return
to the initial phase at the end of the cooling phase.
Owing to the intrinsic behaviour of the SMA [21, 23],
the control could not be realized.
A wing can be regarded as a body moving in free air,
where its molecules near the body are disturbed and
displaced around to contain the wing. Owing to flow
circulation, depending on the body shape, aerodynamic forces applied on the body are generated.
The magnitudes of these forces depend on the wing
dimensions and speed, and on the density and
dynamic viscosity. The aerodynamic forces vary as a
function of the airflow characteristics (Mach number,
Reynolds number, and angle of attack). Since the
aerodynamic pressure load on the flexible skin
results in a significant suction, the SMA wire is shortened and the flexible wing skin is pulled outwards.
Then, a gas spring is needed to counteract the aerodynamic forces, so that the resultant force acting on
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Fig. 6

Fig. 7

Operating scheme of the SMA actuator control

The SMA S-function numerical model used in Simulink

the SMA wire can be calculated from the following
equation
FSMA ¼ Fspring þ ðFskin  Faero Þ  cf

ð1Þ

Initially, the SMA actuators are preloaded by the gas
springs even when there is no aerodynamic load
applied on the flexible skin. Then, equation (1)
becomes
FSMA ¼ ðFpretension þkspring  h Þþðkskin  v  Faero Þ  cf
ð2Þ
where
Fspring ¼ Fpretension þ kspring  h
Fskin ¼ kskin  v

ð3Þ

where FSMA is the resultant force acting on the SMA,
Fspring the gas spring elastic force, Fskin the flexible
skin elastic force, Faero the aerodynamic force,
Fpretension the pretension force of the spring, and cf
is the cam factor. The parameters kspring and kskin
are the spring and the skin elastic coefficients, respectively. The quantities dh and dv are the horizontal
and vertical actuated displacements (dh/dv ¼ 3/1),
respectively.
The aerodynamic forces acting at the two actuation
points on the flexible skin can be calculated by integrating the static pressure distribution dp over the
flexible skin surface. Therefore, for the first actuator,
one can obtain
Z0
Faero1 ¼
p  dx
ð4Þ
ðx1 þx2 Þ=2
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while for the second one
Z ðx1 þx2 Þ=2
p  dx
Faero2 ¼

ð5Þ

0:7c

where x1 and x2 are the actuators’ chordwise positions. The pressure distribution p on the flexible
skin can be deduced from the computed pressure
coefficient Cp, while assuming that the pressure
inside the wing box is equal to the tunnel static pressure p1. The pressure coefficients for given Mach and
Reynolds numbers and angle of attack are calculated
using the XFoil software
1
2
p ¼ p  p1 ¼ 1 V1
 Cp ¼ Q1  Cp
2

ð6Þ

where 1 is the free-stream air density, V1 the
free-stream air speed, and Q1 the dynamic
pressure.
The simulation model, shown in Fig. 8, was
obtained by implementing the SMA actuator model
using a Matlab S-function (Fig. 7). As can be observed
from the figure, in order to control the SMA actuators,
an adequate electrical current supply is required. The
length of the SMA wires is a complex function of the
SMA load forces and temperatures, and the latter is
influenced by the supplying current over time and by
the interaction of the wires with the environment in
the cooling phase (when the electrical supply is
off) [24].
The ‘Mechanical system’ block, illustrated in
Fig. 8 with its scheme presented in Fig. 9, is
modelled using equations (1) to (3). SMA actuators’
Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering
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Fig. 8

Fig. 9

SMA actuators’ Matlab/Simulink simulation model

Simulink scheme of ‘Mechanical system’ block

Matlab/Simulink simulation model is displayed in
Fig. 4. The horizontal and the vertical actuated distances are correlated using the ‘cam factor’ cf ¼ 1/3.
Therefore, the aerodynamic and the flexible skin
forces (Faero and Fskin) are translated into the SMA
Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering

load force (FSMA) at the same rate. The gas spring
has a preloaded force of 1500 N and a linear elastic
coefficient of 2.95 N/mm. The flexible skin linear
elastic coefficient of approximately 100 N/mm was
considered in the simulations.

On–off and proportional–integral controller

139

optimized airfoils) and the real values obtained
from the position transducers. As mentioned previously, the design of such a controller is difficult due to
the strong non-linearities of the SMA actuators’ characteristics, non-linearities that are significantly influenced by the generated forces. The chosen design
procedure consists of the following steps:

Fig. 10

SMA actuator simulated envelope

The envelope of the SMA actuator operability,
obtained through numerical simulations for different
aerodynamic load cases, is shown in Fig. 10, where
the SMA initial wire length was equal to 1.8 m. As seen
in Fig. 10, to obtain a maximum vertical displacement
(8 mm) of the flexible skin, in the absence of aerodynamic forces, a current intensity corresponding to a
temperature of approximately 162 C is needed to
counteract the spring force. As the ability of the
SMA wires to contract depends upon Joule heating
to produce the required transformation temperature,
the highest required temperature is the highest
required electrical current. The required current
and temperature values are decreased due to the
reduction of the actuators’ load by aerodynamic
forces; i.e. for Faero ¼ 1800 N. Therefore, for the maximum vertical displacement, the required temperature is approximately 90 C. From another point of
view, the ability of the SMA wires to return to their
original state is dependent upon the ability of the
system to cool the wires. The simulated SMA model
offers summarized information on this subject, the
proper heating and cooling of the wires being
observed only during a thermodynamic analysis of
the physical morphing wing. The architecture of the
system plays an important role in cooling the wire by
natural convection process. The wing model was
designed to allow for natural cooling and heat evacuation from its top tip. The system performance can
be negatively influenced by heat transfer from the
actuators to the other wing components.
As shown in Fig. 6, the integrated controller’s purpose is to control the SMA actuators by means of the
electrical current supply, in order to cancel the distance deviation, e, between the required values for
vertical displacements (corresponding to the

Step 1: numerical simulation of the SMA model
actuators for certain values of the forces in the
system;
Step 2: approximation with linear systems in the heating and cooling phases using Matlab’s System
Identification Toolbox and the numerical values
obtained in Step 1;
Step 3: choosing the controller type and its tuning for
each of the two SMA actuator phases – heating and
cooling;
Step 4: integration of the two controllers just
obtained into a single one, followed by its validation for the general model of the system (nonlinear).
With the current established actuation line
architecture ([22]), it is suggested that the pretension force of the gas spring must have the value
Fpretension ¼ 1500 N. Thus, Faero ¼ 1500 N value was
chosen for the aerodynamic force in the numerical
simulations. Simulating a cooling phase followed by
a heating phase of the SMA actuators, using the
model described in Fig. 8, the characteristics depicted
were obtained (Fig. 11). The first graphic window of
the figure presents the SMA wire length changing over
time (dh), while the second one shows the SMA wire
temperature values during two phases. A SMA wire
dilatation occurs in the cooling phase, while a wire
contraction is obtained in the heating phase. For a
spanwise actuation distance of approximately
24 mm, the wire temperature reaches a value of
108 C. Note that the transient times to reach the
steady-state values for the two phases are approximately 60 s for the cooling phase and approximately
40 s for the heating phase. For the steady state, after
the cooling phase, the forces obtained by numerical
simulation were: FSMA ¼ 1000 N, Fskin ¼ 0 N, and
Fspring ¼ 1500 N. In this steady state, the system
is not loaded and the vertical displacement of the
actuator is null. After the cooling phase, the
forces obtained by numerical simulation were:
FSMA ¼ 1337 N, Fskin ¼ 266.1 N, and Fspring ¼ 1571 N.
This steady state corresponds to the actuation
system’s maximal displacement, approximately
8 mm.
Using Matlab’s System Identification Toolbox and
the numerical values characterizing the response dh,
at a series of successive step inputs, two transfer
Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering

140

T L Grigorie, A V Popov, R M Botez, M Mamou, and Y Mébarki

Fig. 11

Actuator displacement and temperature profile versus time (SMA model and corresponding transfer functions)

functions (TF) were found for the two SMA heating,
Hh(s), and cooling, Hc(s), phases
Hh ðsÞ ¼

1:77  102 s2 þ 4:02  103 s þ 2:42  102
,
s3  1:44s2 þ 6:47  101 s  1:02  103

Hc ðsÞ ¼

3:54  101 s þ 2:67  101
s2  1:94s þ 1:12  102
ð7Þ

The displacements dh, corresponding to the linear
systems obtained through the identification of the
two phases, are depicted by the dashed-line in
Fig. 11. A very good approximation can be observed
for the two phases. The previously established transfer functions help to determine the controller type
choice for each phase.
Since the SMA wire must be heated to contract and
then cooled to dilate by providing an appropriate
electrical current from the control block, it is
normal that in the cooling phase the actuators are
not powered. This phase of cooling may not only
occur when controlling a long-term phase, when a
change between two values of the actuator displacements is ordered, but also it can occur in a short-lived
phase, where the real value of the deformation
exceeds its desired value. However, it is imperative
that in the heating phase the actuators are controlled
Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering

so that the stationary error of the automatic system
goes to zero. Therefore, for this phase, a simpler PI
type (proportional–integral) of architecture works
best for the controller. It combines the advantages
of a proportional-type controller, which substantially
reduces the overshoot and leads to a short transient
time, with the benefits of an integral controller, which
cancels the steady-state system error. As a consequence, the PI controller must behave like a switch
between the cooling and the heating phase, situations
where the output current is 0 A, or is controlled by a
PI-type law. The two phases’ interconnection leads to
an integrated controller, which can be viewed as a
combination of a bi-positional (particularly an on–
off one) and a PI (proportional–integral) controller.
The input–output characteristic of a bi-positional
(on–off) controller can be described by the equation

if e  0
im ,
ð8Þ
iðt Þ ¼
im ,
if e 4 0
where i(t) is the command variable (electrical current) in time, im is the value of the command, and e
the operating error (Fig. 6). The PI controller law is
given by
Z
ð9Þ
iðt Þ ¼ KP  eðt Þ þ KI  eðt Þ  dt

On–off and proportional–integral controller

Fig. 12

The step input system responses for the proportional gain KP0 ¼ 3984

where KP is the proportional gain and KI the integral
gain. Combining the two controllers into one, based
on the rules previously mentioned, the control law of
the integrated controller becomes

0,
if e  0
R
iðt Þ ¼
ð10Þ
KP  eðt Þ þ KI  eðt Þ  dt , if e 4 0
The optimal tuning of the controller in the heating
phase was realized using integral and minimum
surface error criteria, known as the Ziegler–Nichols
criterion [25]. Based on the minimization of the
errors between the real and ideal responses of a
system, the quality factor can be expressed in the
form
Z1
Z1
ð yreal  yideal Þ  dt ¼
"  dt ¼ min
ð11Þ
I ¼
0

0

where yreal represents the real output of the system,
yideal its ideal output, and e the difference between
these two quantities. Taking the quality factor into
account, Ziegler and Nichols proposed a tuning
methodology for such controllers
Consider the regulator to be proportional (P) and that
it is tuned with respect to the KP parameter;
Increase the amplification factor KP until the
response of the automatic system becomes selfsustained oscillatory. The value KP0 of KP for
which the system has an oscillatory behaviour
with a semi-period (T0) is recorded (equation
(12)). The optimal values for the parameters of
the PI regulator are determined using the following relations [25]
KP ¼ 0:45  KP0
KI ¼ KP =ð0:85  T0 Þ
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Using the controller tuning methodology given
above, the following numerical values for the PI controller parameters were obtained
KP0 ¼ 3984
T0 ¼ 2:68 s
KP ¼ 1792:8
KI ¼ 787:006 1 s1

The tuning values are also reflected by the step input
system responses shown in Fig. 12 for the proportional gain KP0 ¼ 3984.
With these values, the controlled system in the
heating phase can be modelled with an approximate
linear system with the block scheme described in
Fig. 13.
The parameters a0 7 a2 and b0 7 b3 in the scheme
are the coefficients of the Hh(s) transfer function nominator and denominator in ascending powers of s
(equation (7)). The open-loop transfer function of the
controlled heating phase is then expressed in the form
Hol ðsÞ ¼ CPI ðsÞ  Hh ðsÞ ¼

q3 s3 þ q2 s2 þ q1 s þ q0
b3 s4 þ b2 s3 þ b1 s2 þ b0 s

ð14Þ

while the closed-loop transfer function is
Hcl ðsÞ ¼ CPI ðsÞ  Hh ðsÞ ¼

q3 s3 þ q2 s2 þ q1 s þ q0
r4 s4 þ r3 s3 þ r2 s2 þ r1 s þ r0
ð15Þ

The coefficients are
q3 ¼ KP a2 ¼ 31:80
q2 ¼ KP a1 þ KI a2 ¼ 21:16
q1 ¼ KP a0 þ KI a1 ¼ 46:54
q0 ¼ KI a0 ¼ 19:04

ð12Þ

ð13Þ

ð16Þ

and
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Fig. 13

The block scheme with transfer functions of the heating phase linear model

Fig. 14

The step input system response and the Bode diagram

r4 ¼ b3 ¼ 1

Gm ¼ 17:92 dB ¼ 0:13 , associated frequency

r3 ¼ b2 þ KP a2 ¼ 30:36
r2 ¼ b1 þ KP a1 þ KI a2 ¼ 21:81

!g ¼ 1:51 rad=s
Pm ¼ 86:21 , associated frequency

r1 ¼ b0 þ KP a0 þ KI a1 ¼ 46:54
r0 ¼ KI a0 ¼ 19:04

!c ¼ 31:75 rad=s
ð17Þ

CPI(s) is the transfer function of the PI controller. The
poles of the closed-loop transfer function Hcl(s) are
realized with the values
p1 ¼ 29:68, p1 2 R
p2 ¼ 0:12 þ 1:19  i, p2 2 C, Reðp2 Þ 2 R
p3 ¼ 0:12  1:19  i, p3 2 C, Reðp3 Þ 2 R
p4 ¼ 0:44, p1 2 R

ð18Þ

It can be seen that all poles of the transfer function are
placed in the left-hand side of the s-plane, and that
the obtained system is stable. The system response
for different step inputs and the Bode diagram starting from the Hol(s) transfer function are shown in Fig.
14. As can be seen, the stability of the system is confirmed, taking into account the values of both the gain
margin (Gm) and the phase margin (Pm)
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ð19Þ

In the state–space representation
_ Þ ¼ Axðt Þ þ Buðt Þ
xðt
yðt Þ ¼ Cxðt Þ þ Duðt Þ

ð20Þ

the state matrix A, the input matrix B, the output
matrix C and the feed-forward matrix D were
obtained by the forms
2
3
30:36 21:81 46:54 19:04
6
7
6 1
0
0
0 7
7
6
7,
A¼6
6
7
6 0
1
0
0 7
4
5
0
0
1
0
2
3
31:80
2 3
1
6
7
6 21:16 7
6 7
6
7
T
7
6
7, D ¼ 0:
B¼6
ð21Þ
4 0 5, C ¼ 6
7
6 46:54 7
4
5
0
19:04

On–off and proportional–integral controller

Evaluating the controllability and the observability
matrix of the system (P and Q matrices) results in
P ¼ ½ B AB A 2 B A 3 B 
2
3
1 30:36 900:30 26723:11
6
7
1
30:36
900:30 7
60
6
7
¼6
0
1
30:36 7
40
5
0

0

0

Q ¼½C CA CA 2 CA 3 T
2
31:80
21:16
6
6 944:55
647:05
6
¼6
6 28035:45 19139:32
4

ð22Þ

1
46:54

19:04

3

7
605:58 7
7
7
43352:49
17986:36 7
5
832193:65 568090:67 1286744:78 533857:87
1460:98

ð23Þ
and
rankðPÞ ¼ rankðQÞ ¼ systemorder ¼ 4:

ð24Þ

As a consequence, the system is completely controllable and observable, that is
for any initial state x(t0) ¼ x0, there exists a function
u(t) defined on a finite interval (t0, t1], which independently brings the system into another state
x(t1) ¼ x1; and
matrices A, C and the output y(t), on a finite interval
(t0, t1], allow the determination of the state
x(t0) ¼ x0 of the system that has been started.
Taking into account the previous considerations, the
final form of the integrated controller law is defined
as follows

0,
if e  0
R
iðt Þ ¼
1792:8  eðt Þ þ 787  eðt Þ  dt , if e 4 0
ð25Þ

5

CONCLUSIONS

The objective of this research was to develop an actuation control concept for a new morphing mechanism using smart materials, such as SMA, as
actuators. These smart actuators modify the upper
surface shape of a wing composed of a flexible skin
so that the laminar-to-turbulent transition point
moves close to the wing trailing edge. This technology
can result in a substantial drag reduction. To achieve
this aerodynamic goal, the first phase of the studies
concerned the determination of some optimized airfoils for a number of flow conditions.
The designed controller controls the SMA actuators
by means of the electrical current supply, with the
objective of cancelling the deviation between
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the required values for vertical displacements (corresponding to the optimized airfoils) and the real values
(obtained from position transducers). The predicted
envelope of the SMA actuator confirms that the
length of the SMA wires is a complex function of the
SMA load force and temperature. The flexible skin
deformation is driven by a set of rollers and cam
mechanisms, which are actuated by the SMA wires
subject to controlled temperature; the SMA wires
are contracted when heated and dilated when
cooled. The heating phase is ensured by supplying a
controlled electrical current and the cooling phase
was passively realized by natural convection. A maximum vertical skin displacement (8 mm) can be
achieved in the absence of aerodynamic force, but
at high temperature in order to counteract the
spring force.
One of the manageable inconveniences of the SMA
wires’ ability to contract is dependent upon Joule
heating to produce the required transformation temperature, which is associated with high electrical current. Conveniently, the aerodynamic forces reduce
the actuators’ load; the required current and temperature values are decreased.
Starting from the strong non-linear SMA wire characteristics, the design procedure consisted of the following steps: (1) numerical simulation of the SMA
model actuators for certain values of the forces in
the system; (2) linear approximation of the system
in the heating and cooling phases using the Matlab
System Identification Toolbox and the numerical
values obtained in the first step; (3) choosing and
tuning of the controller type for each of the two
SMA actuator phases; and (4) the integration of
the two controllers obtained in step 3 into a single
one.
It was found that the final configuration of the integrated controller is a combination of a bi-positional
controller (on–off) and a PI (proportional–integral)
controller, which behaved like a switch between the
heating and cooling phases.
Using an integral criterion, the minimum error surface criterion (Ziegler–Nichols) and the PI controller
for the heating phase, it was found that the system
was optimally tuned and stable yielding tangible performance results.
After this preliminary design validation step
described in this article ‘part 1’, a complete validation
cycle of the ‘on–off’ and PI integrated controller was
undertaken in part 2. The controller was realized
numerically, on the real model for different values
of the aerodynamic forces, and experimentally on a
bench test with wind off and in the wind tunnel with
wind on. That was performed for different actuation
commands on the two actuation lines.
Proc. IMechE Vol. 226 Part G: J. Aerospace Engineering
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APPENDIX

im
i(t)
I
kskin
kspring
KI
KP
KP0
LVDT
M
p
p0 / p4

Notation
a0 / a2
A
b0 / b3
B
c
cf
C
Cp
CPI(s)
dY1opt
dY2opt
dY1real
dY2real
D
e
Faero
Fpretension
Fskin
Fspring
FSMA
Gm
Hc(s)
Hcl(s)
Hh(s)
Hol(s)

coefficients of the Hh(s) transfer function nominator
state matrix
coefficients of the Hh(s) transfer function denominator
input matrix
chord
cam factor
output matrix
pressure coefficient
transfer function of the PI controller
optimal vertical displacement of actuator 1
optimal vertical displacement of actuator 2
real vertical displacement of actuator 1
real vertical displacement of actuator 2
feed-forward matrix
actuation loop error
aerodynamic force
pretension spring force
elastic force produced by the flexible
skin
elastic force of the gas spring
resultant force that acts on the SMA
gain margin
identified transfer function for cooling
phase
closed-loop transfer function of the
controlled heating phase
identified transfer function for heating
phase
open-loop transfer function of the controlled heating phase

p1
P
Pm
PI
q0 / q3
Q
Q1
r0 / r4
Re
t
T0
TF
u(t)
V1
x1, x2
x(t)
yideal
yreal
y(t)
a
dh, dv
dp
e
r1
oc
og
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command value
command variable (electrical current)
quality factor
skin elastic coefficient
spring elastic coefficient
integral gain
proportional gain
KP value for which the system has an
oscillatory behaviour
linear variable differential transducer
Mach number
pressure at the point where the pressure
coefficient is evaluated
poles of the closed-loop transfer function Hcl(s)
pressure in the free-stream
controllability matrix
phase margin
proportional–integral
coefficients of the Hcl(s) transfer function nominator
observability matrix
dynamic air pressure
coefficients of the Hcl(s) transfer function denominator
Reynolds number
time
oscillation semi-period
transfer function
command vector
free-stream velocity of the air
actuator positions on the chord
state vector
ideal system output
real system output
output vector
wing angle of attack
horizontal and vertical actuated
displacements
pressure distribution
difference between the ideal and the
real system outputs
free-stream air density
frequency associated with the phase
margin
frequency associated with the gain
margin
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