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Abstract The paper deals with the design and experimental validation of the actuation mechanism

control system for a morphing wing model. The experimental morphable wing model manufactured

in this project is a full-size scale wing tip for a real aircraft equipped with an aileron. The morphing

actuation of the model is based on a mechanism with four similar in house designed and manufac-

tured actuators, positioned inside the wing on two parallel lines. Each of the four actuators used a

BrushLess Direct Current (BLDC) electric motor integrated with a mechanical part performing the

conversion of the angular displacements into linear displacements. The following have been chosen

as successive steps in the design of the actuator control system: (A) Mathematical and software

modelling of the actuator; (B) Design of the control system architecture and tuning using Internal

Model Control (IMC) methodology; (C) Numerical simulation of the controlled actuator and its

testing on bench and wind tunnel. The morphing wing experimental model is tested both at the lab-

oratory level, with no airflow, to evaluate the components integration and the whole system func-

tioning, but also in the wind tunnel, in the presence of airflow, to evaluate its behavior and the

aerodynamic gain.
� 2019 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

One of the main priorities of each scientific field is the opti-
mization, as long as it generates costs savings. From the aero-

space industry perspective, efforts are focused on optimizing
the various flight-related procedures, which deliver immediate
positive effects on allocated financial resources and on the
iniature
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Nomenclature

Symbols

B Viscous friction coefficient
dYopt Actuation distances necessary to obtain the opti-

mized airfoil
dYreal Real actuation displacements

ei Back electromotive force generated in phase i
Gc(s) Control law
Gp(s) Process which needs to be controlled

G
_

pðsÞ Model of the controlled process
Gu(s) Transfer function of the BLDC motor
i (I) Phase current

ik Current in phase k
J Motor moment of inertia
ke Line back EMF coefficient
kt Torque constant

KP Proportional gain in SI units
KPc Proportional gain for electrical current controller
KPp Proportional gain for position controller

KPs Proportional gain for angular speed controller
KI Integral gain in SI units
KIc Integral gain for electrical current controller

KIs Integral gain for angular speed controller
KP_EPOS Proportional gain in EPOS units
KI_EPOS Integral gain in EPOS units

L Laplace transform
L Inductance of the phase winding

La Line inductance of winding

M Mutual inductance of the motor
Ma Mach number
R Phase resistance of the motor

ra Line resistance of winding
Te Electromagnetic torque
Tl Load torque
ud DC bus voltage

ui Voltage in phase i
uij Line voltages
w Angular speed of the motor

Greek letters
a Incidence angle
d Aileron deflection angle
O Angular speed of the motor

Abbreviations
BLDC BrushLess Direct Current
IMC Internal Model Control

EMF ElectroMagnetic Force
FFT Fast Fourier Transform
LVDT Linear Variable Differential Transformer
PWM Pulse Width Modulation

SMA Shape Memory Alloy
STD STandard Deviation
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development of green technologies. This aerospace engineering
trend has been sustained over time by governments and indus-

try, by initiating and sustaining research programs and pro-
jects carried out in collaboration with research centers and
universities.

From the point of view of green aircraft technologies devel-

opment, our research team from École de Technologie Supér-
ieure (ÉTS) in Montréal, Canada, our Research Laboratory in
Active Controls, Avionics and AeroServoElasticity (LAR-

CASE) acted in the next main research directions: (A) develop-
ment and numerical testing of various algorithms for flying
vehicles trajectory optimization;1–9 (B) design and validation

of different optimal methods for flying vehicles high robustness
model identification with the aim to reduce the flight tests
number;10 (C) design, numerical simulation and experimental

testing, including wind tunnel testing, of various experimental
models based morphing wing technologies.11–24

Based on the multitude of research studies, projects and
programs developed in the last two decades, it seems that for

the next generations of aircrafts the morphing wing technology
will be a serious alternative to the rigid control surface used
currently. Actually, this technology added value on the aero-

space field is given by the possibility to improve the aircraft
performance by changing various characteristics and match
the aircraft state with the requirements of the developed mis-

sion. The benefits are related to the flutter and vibration miti-
gation, drag reduction, fuel costs saving, emissions reduction,
flight envelope expansion and improvements in aircraft range.
Please cite this article in press as: GRIGORIE TL et al. Design and experimental t
BLDC motors, Chin J Aeronaut (2019), https://doi.org/10.1016/j.cja.2019.08.007
On the other way, the disseminated results from the world-
wide research activities related to this technology proven its

huge potential and feasibility. For example, the researchers
from the Kentucky University in USA investigated the flow
control using shape adaptive surfaces. A piezoceramic actuator
bonded with a metallic substrate under the form of a circular

arc has been used as adaptive airfoil. The actuator was pow-
ered by a bi-polar operational power supply, and tested in a
subsonic wind tunnel. The designed architecture proved a good

balance between the developed force and the obtained deflec-
tion.25 Few years later, at the same university a morphing
study has been conducted to control the airflow in a mecha-

nism based on the use of some oscillating adaptive surfaces.
The study has been realized both by using the numerical sim-
ulation, but also by using a modular experimental adaptive

wing model, equipped with piezoelectric actuators. The actua-
tion system architecture has been chosen in order to realize a
fast actuation and to limit in this way the generation of lami-
nar separation bubbles.26

Another morphing wing experimental model was also
developed at University of Bristol, UK, in collaboration with
specialists from the University of Limerick, Ireland. The

change the wing camber the team used a composite Fish Bone
Active Camber (FishBAC) device, equipped with an elas-
tomeric skin and actuated through an antagonistic tendon

mechanism. The wind tunnel experimental tests shown an
important improvement of the lift coefficient by using this
architecture.27
esting of a control system for a morphing wing model actuated with miniature
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In Japan, in a collaborative research project between the
University of Tokyo and Japan Aerospace Exploration
Agency was manufactured and wind tunnel tested a morphing

wing model based on the use of corrugated structures. The
experimental tests suggested that the developed morphable
structure exhibited superior properties in lift coefficients.28

Over the last fifteen years the German Aerospace Center
(DLR) developed a lot of research projects related to the mor-
phing aircraft technologies, financed both from the national

resources, but also by using the European Union research
founds. In a recent project, the researchers performed the 3D
structural design of a large-displacement flexible leading edge
(droop nose) equipping a morphable wing for a transport

aircraft.29

The research activity in the morphing aircraft domain is
intense at this moment, having in mind that here are still a

lot of challenges because of the necessary high power required
by the implied actuation systems, because of the solutions for
the dissipation of the heat generated by the actuators, but also

due to their weights and large response times. As a direct con-
sequence of this idea, but also correlated with the actual trend
related to the ‘‘all-electric aircraft” concept associated to the

green aviation, the ‘‘mechatronics” started to be more and
more implied in the aerospace engineering field.

A special place has been reserved by the specialists to the
development of electric actuation systems for aircraft, techno-

logical direction sustained also through various research pro-
jects. As an example, the More Open Electrical Technologies
(MOET) can be mentioned.30 MOET has been financed in

the 6th European Research and Technological Development
(RTD) Framework Programme with the main aim to produce
a new standard to be used by industry in the design of the elec-

trical systems for the commercial aircraft. As main actuation
solutions for aircraft during a lot of time, the actuators based
on hydraulic and pneumatic forces started to be replaced with

electrical actuators, lightweight and more efficient, especially
when they are used to actuate the landing gear or the flight
control surfaces.31

2. Research project background

In this context, new researches on morphing wing technologies
were carried out by our team in a major research project

(‘‘Multi-Disciplinary Optimization 505” (MDO 505)), which
targeted to obtain a fuel consumption economy by using these
technologies on a real aircraft wing equipped with an aileron,

and morphed by using an actuation mechanism with Brush-
Less Direct Current (BLDC) electric motors. This project, con-
ducted at ÉTS in Montréal, was developed in an international

research consortium, involving industrial partners as Bom-
bardier Aerospace and Thales from Canada, and Alenia from
Italy, and universities and research institutes as ÉTS, École
Polytechnique de Montréal and the National Research Coun-

cil of Canada (IAR-NRC) from Canada, and Frederico II
Naples University and Italian Aerospace Research Centre
(CIRA) from Italy. Within the context of this project, some

new numerical studies related to the behavior of the airflow
over the morphable wing and aileron were conducted.32–37 In
addition, a design approach for the aileron position controller

was proposed and tested,38 followed by the design, numerical

203

204

Please cite this article in press as: GRIGORIE TL et al. Design and experimental t
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simulation and evaluation of various position controllers for
the actuators equipping the morphable wing.39–42

The experimental model manufactured in this project is a

full-size scale wing tip for a real aircraft, which includes an
aileron, as is presented in Fig. 1(a). The obtained model con-
served the structure and the stiffness as on the wing of the real

aircraft. To morph the model, its upper surface was chosen to
a flexible one, manufactured by using some composite materi-
als (see Fig. 1(b)). Its actuation is performed by using a system

integrating four similar electric actuators, disposed on two
lines, which were placed at 32% (Act. #1 and Act. #3) and
48% (Act. #2 and Act. #4) from chord, respectively (see
Fig. 2). The structure of each actuator includes a BLDC motor

and a mechanism which converts rotation movement into lin-
ear movement. Due to limited space and the high actuation
force requirements imposed by our application, the actuators

were manufactured in house using miniature BLDC motors
acquired from the Maxon Motor Company.

To monitor the airflow over the wing upper surface, 32 high

precision Kulite pressure sensors were installed on the flexible
skin. They were disposed in equal number on two staggered
lines positioned at 0.600 m and at 0.625 m from the wing root

section.
The obtained pressure data were real time processed in

order to provide information related to the laminar-to-
turbulent transition location; the Fast Fourier Transforms

(FFT) for the acquired pressure data have been real time visu-
alized. As an additional method to evaluate the laminar-to-
turbulent transition location, but this time over the entire wing

upper surface, not only in the pressure sensors sections, the
Infra-Red (IR) thermography was used.

In the first phase of the project, a preliminary aerodynamic

study was conducted by modifying the original (reference) air-
foil for various flight conditions. This allowed for calculation
of certain optimized airfoils corresponding to various airflow

conditions considered as combinations of incidence angles
(a), Mach numbers and aileron deflection angles (d). This
resulted in four displacements (dY1opt, dY2opt, dY3opt, dY4opt)
for each optimized airfoil, characterizing the changes from

the original (reference) airfoil and corresponding to the posi-
tions of the four actuators. All of these displacements were
stored in a database to be used for the control system as refer-

ence actuation distances necessary to obtain the optimized air-
foils. Therefore, the morphing shape control is realized by
controlling the positions of the actuators until the real dis-

placements (dY1real, dY2real, dY3real, dY4real) of the morphing
skin in the four actuation points equal the desired actuation
distances necessary to obtain the optimized airfoil (dY1opt,
dY2opt, dY3opt, dY4opt) associated with a flight condition. All

of the actuators used the same type of BLDC motor, and
therefore, the designed controller is used for all four actuators
included in the actuation mechanism.

The results shown in the present paper characterize a part
of this second major morphing wing research project (MDO
505) developed by our team, exposing the design and the val-

idation of one of the developed variants for the control system
of the morphing actuators integrated in the wing; as design
methodology for the control system the Internal Model Con-

trol (IMC) procedure has been adopted.42 The rest of the
paper is organized as follows: Section 2 presents the mathe-
matical and software modelling of the used actuators; Section 3
exposes the tuning of the control loops by using the IMC tech-
esting of a control system for a morphing wing model actuated with miniature

https://doi.org/10.1016/j.cja.2019.08.007


205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240
241

243243

244

246246

247

248

249

250

251

252

253

254

Fig. 1 General architecture of MDO 505 experimental model.

Fig. 2 Actuation system of morphing wing.
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nique, while Sections 4 and 5 are reserved to the bench testing
of the morphing wing control system, respectively to the eval-
uation of the morphing wing experimental model through

wind tunnel testing.
Parts from the mathematical model, which are also shown

in this paper, describing the first steps in the development of
our morphing wing project, have already been presented in

few conference papers.39,42 The here exposed results reflect
the behavior of the experimental morphing wing system as a
whole, with numerical simulations, bench testing and wind

tunnel testing.

3. Mathematical and software modelling of actuator

Fig. 3 exposes the actuator physical model, which includes a
BLDC motor and a mechanism which converts the angular
movement into linear movement. This mechanism allows the

four morphing actuators used in our application to deform,
through direct actuation, the flexible skin on the wing upper
surface.

In order to design a control system for the actuators which
morph the wing, their preliminary mathematical and software
modelling is required. The model includes two different parts:
(A) the BLDC motor model and (B) the model of the conver-

sion mechanism from angular actuation to linear actuation,
linked to the BLDC motor output.
Please cite this article in press as: GRIGORIE TL et al. Design and experimental t
BLDC motors, Chin J Aeronaut (2019), https://doi.org/10.1016/j.cja.2019.08.007
The general objective in the mathematical modelling is to
identify a linear model for the actuator under the form of a
transfer function (plant model), which can be used in the

design phase of the actuator control system. On the other
way, the model is further used in a software subroutine to ana-
lyze the controlled actuator performance. Having in mind the
multitude of the possibilities to drive the actuator included

motor, to derive this linear model and its associated transfer
function a full bridge drive was considered for the BLDC
motor, which operates in the two-phase conduction mode.

From Fig. 4(a),39,42,43 for the equivalent electrical circuit of
a BLDC motor, it results:

iA þ iB þ iC ¼ 0 ð1Þ

uA ¼ RiA þ ðL�MÞ diA
dt
þ eA

uB ¼ RiB þ ðL�MÞ diB
dt
þ eB

uC ¼ RiC þ ðL�MÞ diC
dt
þ eC

8><
>: ð2Þ

where L is phase winding inductance; R is resistance of the
phase; M is mutual inductance; iA, iB, iC are electrical currents
in the motor phases; uA, uB, uC are voltages in the motor

phases; eA, eB, eC are back ElectroMagnetic Forces (EMF)
generated in the motor phases.42,43

Because in the most situations the windings of the stator are

star-connected, and the neutral point is not brought out to an
external physical connection, it is hard to measure the phase
esting of a control system for a morphing wing model actuated with miniature
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Fig. 3 Actuator physical model.

Fig. 4 Equivalent electrical circuit of BLDC motor and two-phase conduction mode.
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voltages. As a consequence, it is recommended to be used a
model based on line voltages, having in mind that their mea-

surement is easiest to be done in this configuration.42,43 In this
situation, the line voltages resulting from Eq. (2) are as
follows:

uAB ¼ uA � uB ¼
¼ RðiA � iBÞ þ ðL�MÞ diA

dt
� diB

dt

� �þ ðeA � eBÞ
uBC ¼ uB � uC ¼

¼ RðiB � iCÞ þ ðL�MÞ diB
dt
� diC

dt

� �þ ðeB � eCÞ
uCA ¼ uC � uA ¼
¼ RðiC � iAÞ þ ðL�MÞ diC

dt
� diA

dt

� �þ ðeC � eAÞ

8>>>>>>>><
>>>>>>>>:

ð3Þ

If the phases A and B are conducted and phase C is sus-

pended (two-phase conduction mode), the simplified model
in Fig. 4(b)42,43 is obtained. Therefore, the relationships
between the phase currents iA and iB is:

iA ¼ �iB ¼ i ð4Þ
which also means that:

d iA
dt

¼ � d iB
dt

¼ d i

dt
ð5Þ

The line voltage uAB from Eq. (3) becomes:

uAB ¼ 2Riþ 2ðL�MÞd i
dt

þ ðeA � eBÞ ð6Þ

Because the eA and eB amplitudes are the same and the
signs are opposite, Eq. (6) becomes:

uAB ¼ 2Riþ 2ðL�MÞd i
dt

þ 2eA ð7Þ
Please cite this article in press as: GRIGORIE TL et al. Design and experimental t
BLDC motors, Chin J Aeronaut (2019), https://doi.org/10.1016/j.cja.2019.08.007
Therefore,

uAB ¼ ud ¼ raiþ La

d i

dt
þ 2eA ¼ raiþ La

d i

dt
þ kew ð8Þ

uAB is the line voltage; ud is DC bus voltage; ra is winding
line resistance (ra = 2R); La is winding inductance (La = 2

(L–M)); ke is line back EMF coefficient (2eA = kew); w is
motor speed of rotation.

The equation characterizing the dynamics of the motor is
given by the next expression:42,43

J
dw

dt
þ Bw ¼ Te � Tl ð9Þ

where J characterizes the rotor inertia, B is viscous friction
coefficient, Te is electromagnetic torque and Tl is load torque.

Denoting the torque constant of the motor as kt results in a
simplified formula for the electromagnetic torque as a function
of phase current i, for the two-phase conduction mode, as

follows:

Te ¼ kti ð10Þ
From Eqs. (9)–(10) we get:

i ¼ Te

kt
¼ J

kt
� dw
dt

þ B

kt
wþ 1

kt
Tl ð11Þ

which, substituted in Eq. (8), leads to:

ud ¼ ra
J

kt
� dw
dt

þ B

kt
wþ Tl

kt

� �
þ La

� d

dt

J

kt
� dw
dt

þ B

kt
wþ Tl

kt

� �
þ kew ð12Þ
esting of a control system for a morphing wing model actuated with miniature
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As a consequence,

ud ¼ LaJ

kt
� d

2w

dt2
þ raJþ LaB

kt
� dw
dt

þ raBþ kekt
kt

wþ La

kt

� dTl

dt
þ ra
kt
Tl ð13Þ

With the Laplace transform, Eq. (13) implies:

UdðsÞ ¼ LaJ

kt
s2 þ raJþ LaB

kt
sþ raBþ kekt

kt

� �
XðsÞ

þ La

kt
sþ ra

kt

� �
TlðsÞ ð14Þ

where O(s)=L{w(t)}, Ud(s)=L{ud(t)}, and Tl(s)=L{Tl(t)}.
In another form, Eq. (14) is:

XðsÞ ¼ kt
ðLasþ raÞðJsþ BÞ þ kekt

UdðsÞ

� Lasþ ra
ðLasþ raÞðJsþ BÞ þ kekt

TlðsÞ ð15Þ

which highlights the dependence between the motor speed and
the two main variables which influence it: the DC voltage ud
and the load torque Tl. It can be easily observed that, for a

fixed load, the increase of the ud voltage produces the increase
of the motor speed, while, for a fixed input voltage, the
increase of the Tl load torque produces the decrease of the
speed.

On the other way, Eqs. (8)–(11) lead to:

IðsÞ ¼ 1

Lasþ ra
UdðsÞ � keXðsÞ½ � ð16Þ

TeðsÞ ¼ ktIðsÞ ð17Þ
and

XðsÞ ¼ 1

Jsþ B
TeðsÞ � TlðsÞ½ � ð18Þ

conducting to the following block scheme with transfer func-
tions of the modeled motor (see Fig. 542), which considers
the motor loaded with Tl.

To analyze the behavior of the motor integrated in the mor-
phing actuator, a Matlab/Simulink software model was devel-
oped as in Fig. 642 (‘‘BLDC model”); it implements both
mechanical and electrical mathematical models of the BLDC

motor, but also the model of the conversion mechanism from
angular actuation to linear actuation. It has as inputs the DC
bus voltage Ud and the load torque ‘‘T load”, and as outputs

the electrical current I, the actuation speed v, expressed in
mm/s, and the actuation linear position ‘‘pos”, expressed in
mm. In order to conduct numerical simulations, the ‘‘BLDC

model” was integrated into the model in Fig. 7,42 which con-
tains three control loops acting at the level of the electrical cur-
rent, actuation speed and actuation position.
410

411

412

413

414

415

416

417
418

Fig. 5 Motor block scheme with transfer functions.42
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The electrical current is measured at the output of the
‘‘Electrical TF” block shown in Fig. 6, and is further used to
provide feedback in the current control loop as it is shown

in the control model presented in Fig. 7. According to the con-
trol system model in Fig. 7, the ‘‘BLDC model” provides also
feedback signals for the speed and position control loops.

4. Tuning control loops using IMC technique

The literature reveals that there have been many control strate-

gies for position control of BLDC motors over the years. PID
controllers feature a number of advantages over other con-
trollers, including simplicity of design and implementation,

being widely used in many industrial applications. On the
other way, the literature shows that there have been many
methods for tuning the related coefficients. The best known

method was proposed by Ziegler and Nichols, but as a func-
tion of the complexity of the controlled systems, various mech-
anisms were developed over time for tuning the PID and
implementing it together with artificial intelligence methodolo-

gies. For example, researchers from Xi’an University of Tech-
nology designed and developed a new BLDC position servo
system using a digital signal processor and fuzzy PID con-

troller. The role of the fuzzy controller was to improve the
robustness of the designed system.44

At Howard University in Washington, a smart position

control system for brushless motor drives was developed, by
combining the fuzzy logic techniques with the neural networks
learning abilities.45 From another point of view, to obtain a
controller with higher robustness, researchers from the

National University of Singapore used the sliding-mode con-
trol method for a BLDC motor position controller.46 In other
application, developed at MSL R&D Center in Korea, a con-

trol system was designed for a missile actuator based on a
BLDC motor and a DSP. The position controller was a classi-
cal PID one, while other two loops where used to control the

electrical current, with PWM technique, and the speed, with an
estimation algorithm with hall sensors, respectively.47 At the
Institute of Space Technology in Pakistan, a three-phase

BLDC motor was modelled and controlled using a PID con-
troller optimized through a genetic algorithm.48 The results
highlighted more efficient position control for the motor using
the proposed methodology instead of the traditional PID tun-

ing method, which used the Ziegler-Nichols algorithm.
Starting from a previous study49 communicated in 1986,

related to the tuning of PID controllers by using the Internal

Model Control (IMC) method, Skogestad proposed in 2001
a new IMC tuning procedure.50 It provides poor disturbance
response for integrating processes, but generally produces very

good responses for set point changes.50–53

The IMC methodology uses the philosophy according to
that the control can be realized just if the designed controller
includes a representation of the process which should be con-

trolled. More specifically, if in the design process of the control
system is taken into account the plant model, then a perfect
control system may be obtained.51 As an example in the previ-

ous idea, it is considered that the process which needs to be

controlled is Gp(s), and one model for it has the form G
_

pðsÞ.
If the control law Gc(s) is set to be equal with the inverse of
the model,
esting of a control system for a morphing wing model actuated with miniature
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GcðsÞ ¼ G
_�1

p ðsÞ ð19Þ
and the model equals the controlled process,

G
_

pðsÞ ¼ GpðsÞ ð20Þ
then the output will track perfectly the reference value set at

input. If the plant associated transfer function Gp(s) is mini-
mum phase and invertible, meaning that it has no zeros in
the right half-plane, then the controller can be written under

the form kðsÞ ¼ wcG
�1
p ðsÞ=s; and the open loop transfer func-

tion is k(s)Gp(s) = wc/s.
42,51 Therefore, the closed loop transfer

function of the system has the expression T(s) = k(s)Gp(s)/[1
+ k(s)Gp(s)] = wc/(wc + s), equating with an ideal first-order

low-pass filter.42,51

Using the previous methodology, the following results were
obtained successively for our BLDC motor control loops.42 At

the first step, starting from the transfer function characterizing
the electrical part of the actuator:

GElectðsÞ ¼ 1

Lasþ ra
¼ 1

0:000935sþ 1:715
ð21Þ

the expression of the control law resulted as:42

kElectðsÞ ¼ wc

G�1
ElectðsÞ
s

¼ 1500
0:000935sþ 1:715

s

¼ 1:4025

s
þ 2572:5 ¼ KIc

1

s
þ KPc ð22Þ

The documentation associated to the controlled motor pro-

vided the next values for the parameters characterizing the
motor phases: ra = 1.715 O for the resistance, and
La = 0.935 mH for the inductance. To obtain a suitable value

for the coefficient wc the trial and error method was applied,
the very good step response being obtained for wc = 1500.42

Therefore, the control law for the electrical current, as it results

from Eq. (22), is a PI one, with the next gains:42

KPc ¼ 2572:5; KIc ¼ 1:4025 ð23Þ

495
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At the next step, the following values were obtained for the
coefficients for the speed PI controller, based on the data flow
in the block diagrams in Figs. 6 and 7:42

KPs ¼ 1:3071; KIs ¼ 1:1203 ð24Þ
and the value of the proportional gain for the P controller used
in position loop is:42

KPp ¼ 2 ð25Þ
According to the motor technical documentation, the used

value for the torque constant was kt = 0.024 Nm/A, for the
motor moment of inertia, J= 3.5 � 10�6 Kg�m2, and for vis-

cous friction coefficient, B = 3 � 10�6 N�m�s/rad.
In practice, the driving of a BLDC motor, equipped with

three Hall-effect based sensors to have information related to

the rotor position, is performed by using a general scheme as
in Fig. 8.54 The scheme includes an Insulated-Gate Bipolar
Transistor (IGBT) driver and a three-phase inverter. The effec-

tive control is made by using Pulse Width Modulated (PWM)
signals, which establish the average values of the driving coils
voltages and currents. On the other way, based on

SimPowerSystems toolbox blocks in Matlab, the Simulink
model of the controlled BLDC motor can be organized as in
Fig. 9.42

According to the model, by using the right values for the

proportional and integral gains in the electrical current control
loop of the motor, as are, for example, the previously calcu-
lated gains KPc and KIc from Eq. (23), will be generated a duty

cycle of high frequency PWM signals which allows for proper
control in the speed and position channels.

The next loop considered in motor control achieving is

reserved to the motor speed; the proportional-integral speed
controller provides a reference value for the electrical current,
which is actually the input value for the current controller. In
the same time, the sign of this reference value dictates the rota-

tion sense of the motor rotor, as it is used in the elaboration of
the commutation signals in the block ‘‘Commutation table”
together with the signals received from the Hall-effect based
esting of a control system for a morphing wing model actuated with miniature

https://doi.org/10.1016/j.cja.2019.08.007


496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

Fig. 8 BLDC motor control using PWM.54

Fig. 9 Actuator control by using SimPowerSystems toolbox in MATLAB.42

8 T.L. GRIGORIE et al.

CJA 1377 No. of Pages 16

10 September 2019
sensors. The last control loop, the outermost one, is reserved to
the control of the position, and implements a proportional

control law.
Using the simulation scheme in Fig. 9, which implements

the tuned controllers for all three loops, the results in Fig. 10

were obtained for a position step input. The left-hand side of
the figure presents the desired (reference) and obtained posi-
tions for the linear actuation (expressed in mm), while the
right-hand side of the figure shows a comparative graphical
Fig. 10 Results obtained from numerical simulati
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exposure of the following speed signals (expressed in rpm):
(A) the reference speed, collected as the output from the posi-

tion controller block, and (B) the obtained speed, calculated
starting from the obtained linear position. At the next step,
the tuned controllers were tested with a more complex input

signal in the form of a repeated sequence signal, with positive
and negative ramps and actuation limits between �3 and
3 mm. The results depicted in Fig. 11 were obtained. All
numerical simulation results shown proper functioning of the
on for a position step input as desired position.
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obtained control scheme for the morphing actuator based on

the BLDC motor, the used design approach providing a sim-
plified method for tuning its control gains.

5. Bench testing of morphing wing control system

The developed experimental model for the deformable wing is
tested both at the laboratory level, with no airflow, to evaluate

the components integration and the whole system functioning,
but also in the wind tunnel, in the presence of airflow, to eval-
uate its behavior and to validate the results predicted through
numerical optimization from the aerodynamic point of view.

The control gains that were obtained were experimentally
validated in bench tests for all of the four actuators used to
morph the wing model. The whole bench testing operation
542

Fig. 12 Architecture of exp
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was realized at ÉTS in the LARCASE laboratory. The archi-

tecture of the experimental testing system is presented in
Fig. 12, and was developed by using a Real Time (RT) Target
from National Instruments (NI). As can be easily observed, to

have information related to the real values of the actuated dis-
tances (control feedback) for the morphing actuators four
LVDT linear position sensors are used.

The bench test instrumentation is developed by using some

programmable EPOS drives, produced by the Maxon Motor
Company and dedicated for the BLDC motors integrated in
the actuators, but also, by using the PXI technology from

NI. Once performed the testing and validation of the control
gains through numerical simulations, in order to develop the
experimental model, it is necessary to be performed a conver-

sion before programming them into the drives, according to
the Maxon motors application notes.55 The following equa-
erimental testing system.
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tions show how the gains from SI units (used in Simulink) are
converted to EPOS units. For the electrical current control it
results:42

KP EPOS ¼ KP ðSI unitsÞ=ð3:91� 10�3Þ
KI EPOS ¼ KP ðSI unitsÞ=3:91

(
ð26Þ

while, for the speed control:

KP EPOS ¼ KP ðSI unitsÞ=ð2� 10�5Þ
KI EPOS ¼ KP ðSI unitsÞ=ð5� 10�3Þ

(
ð27Þ

and for the position control:

KP EPOS ¼ KP ðSI unitsÞ=ð10�2Þ ð28Þ
The flow of the design and bench testing of the control sys-

tem can be summarized as in Fig. 13.
After the conversion and implementation of the IMC tuned

gains into the EPOS drives, various actuation commands were
tested for the four actuators, both independently and simulta-

neously. The purpose of the independent actuator control was
to assess whether it meets the mechanical requirements to
which it is subjected when the wing is morphed.

When the actuators were simultaneously tested, firstly has
been evaluated the behavior of the integrated morphing system
in all optimized flight cases, and then the behavior of the mor-

phing skin under various limit cases, where some of actuators
pulled the skin and others pushed it, starting from the refer-
ence airfoil position. Fig. 14 presents the control results for
one actuator at a repeated step input signal as desired position.

The first graphical window exposes the experimental obtained
position versus the position obtained through numerical simu-
lation and the required position, while the second graphical

window shows the motor angular speed obtained during the
experimental testing.

The graphical characteristics, drawn for position in the first

window of Fig. 14, prove that the obtained mathematical and
software models reflect well the behavior of the experimental
system. Therefore, the variant with a full bridge drive for the

BLDC motor, operating in the two-phase conduction mode,
was a good choice for the mathematical modelling step.

A short analyze of the characteristics shows that the rise
times for numerical and experimental responses are approxi-

mately the same, but a small time delay in the command exe-
cution appears in the experimental situation. Few factors can
Fig. 13 Flow of design and benc
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generate and influence independently and/or cumulated the
values of these delays, but also the allures of the time responses
for position and speed: (A) the inherent differences between

the obtained linear model and the nonlinear behavior of the
actuation system in various actuation configurations; (B) the
complex behavior of the morphed flexible skin, which gener-

ates a variable and hard to predict load when it is actuated
(the load has been considered constant in the numerical simu-
lations); (C) the behavior of the hardware equipment interfac-

ing the control system with the real actuator (noise, time
delays, etc.).

An important role is played by the experimental flexible
skin equipping the model because it was attached on all four

sides of the wing, attachment which increased its rigidity; the
rigid structure, as well as, the flexible skin were specifically
designed to meet aeronautical industry requirements. The time

delays can be easily correlated with the angular speed profile in
the second graphical window of Fig. 14, observing that the
speed transition from zero to the maximal value is made fol-

lowing various ramps with the slopes influenced by the changes
in load.

Viewed in the context of the morphing wing project general

aim, i.e. to extend the laminar flow regions on the wing sur-
h testing of the control system.

esting of a control system for a morphing wing model actuated with miniature
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face, and thus to reduce the drag over an operating range of
flight conditions, the discussed time delays are practically
insignificant, taking into account the duration of a flight.

Besides these delays, a more important aspect which can be
noticed analyzing the curves in Fig. 14 is that the controlled
experimentally model does not have steady-state errors, which

means that the designed control system meets the most impor-
tant condition to obtain a good experimental reproducibility of
the numerical optimized wing shapes. Therefore, the experi-

mental testing results demonstrated adequate functioning of
the controlled morphing wing model, and recommended its
preparation for the next series of experimental tests in a wind
tunnel.

6. Evaluation of morphing wing experimental model through

wind tunnel testing

For an assessment of the aerodynamic benefits provided by the
morphing technology, the project research team tested the
developed experimental model in the presence of airflow, in

the National Research Council of Canada subsonic wind tun-
nel. The performed tests aimed also at the validation of the
numerical study performed by the aerodynamic team and at

the evaluation of the integrated morphing wing system behav-
ior in various situations simulating a real flight, with different
incidence angles, Mach numbers, aileron deflection angles and

with the inherent perturbations induced by the wind tunnel.
Fig. 15 presents the placement of the morphable wing experi-
mental model in the IAR-NRC wind tunnel testing room;
the wing position was a vertical one, which means that the

variation of the incidence angle has been obtained by rotating
the model around a vertical axis. The wind tunnel testing was
performed for 97 flight cases, which were generated by com-

bining various values of the incidence angle (nineteen values,
between �3� and +3�), Mach number (three values: 0.15,
0.20 and 0.25) and aileron deflection angle (thirteen values,

between �6� and +6�).
For an easiest interaction of the human operator with the

experimental model a Graphic User Interface (GUI) has been

conceived (see Fig. 16); it allowed a safe testing and a complex
evaluation of the experimental model in various situations.
The GUI was organized to provide some functions, booth
from the safety, but also from the testing needs points of view:

emergency stop, mode selection (Manual, Flight case and
Fig. 15 Positioning of morphable wing in t
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Homing), flight case selection, real time displaying of the actu-
ated distances by using the numerical indicators, real time plot-
ting of the measured actuation distances and of the reference

skin necessary actuation distances.
During all of the wind tunnel tests the Kulite sensors pres-

sure data were real time processed to provide information

related to the laminar-to-turbulent transition location; simul-
taneously with the control system survey based on the GUI,
the Fast Fourier Transforms (FFT) for the acquired pressure

data have been real time visualized on a parallel screen. Addi-
tionally, aiming at the evaluation of the laminar-to-turbulent
transition location over the whole wing upper surface, not only
on the Kulite sensors station, the Infra-Red (IR) thermogra-

phy method was applied. Also, with the aim to get a further
post-processing analyze, the Kulite data were acquired at
20 kHz rate for all of the tested flight cases, both for original

(un-morphed) and optimized (morphed) airfoils.
Fig. 17 exposes the results of the IR thermography for orig-

inal and deformed airfoils in the flight case 19, generated for

Ma= 0.15, a= 1.5� and d = 0�; the air flows from the left
to the right, booth pictures being views from the leading edge
side of the morphable wing model, similar with the second pic-

ture presented in Fig. 15. For both airfoils the NRC team esti-
mated the average transition line on the wing upper surface by
using the gradient method; Fig. 17 shows that the transition
location depends by the chord-wise position. In the current

flight case, the estimation of the transition position for whole
wing provided the mean values of approximately 49%
(±2%) of the chord (49.26%(±2%)) for original airfoil, and

52%(±2%) of the chord (51.72%(±2%)) for morphed airfoil,
respectively. Also, on the span-wise station associated to the
Kulite sensors (at 40% of the model span) the estimation of

the transition position provided the values of 49.18% of the
chord for original airfoil (somewhere between Kulite 13 and
Kulite 14), and 52.08% of the chord for morphed airfoil

(somewhere between Kulite 18 and Kulite 19). Therefore, the
IR measurements revealed that, in this flow case, the use of
the morphing technology produced an extension of the laminar
region over the whole wing upper surface with a mean value of

about 2.46% of the chord, while in the Kulites span-wise sta-
tion the extension was approximately 2.90% of the wing
chord.

The post-processing analysis, starting from the recorded
pressure data, provided information related to the transition
he IAR-NRC wind tunnel testing room.
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point position in the Kulite span-wise station by using two

mechanisms: (A) the evaluation of the STandard Deviations
(STDs) for the data collected from each of the 32 pressure sen-
sors to obtain a graphical representation of the pressure fluctu-

ations in the boundary layer of the flow; (B) the analyze based
on the Fast Fourier Transforms (FFT) for the Kulites
recorded data on each pressure channel to evaluate the noise

magnitude in the air flow over the morphable wing upper
surface.

The using of the first mechanism for the previous analyzed

case (Ma= 0.15, a = 1.5� and d = 0� airflow conditions) pro-
vided the plot diagrams exposed in Fig. 18, for both, original
and deformed airfoils. According to that, the maximum value
of the pressure data STD for original airfoil corresponds to the

Kulite #14, and for the deformed airfoil to the Kulite #19. A
big value for the pressure data STD on one pressure detection
Please cite this article in press as: GRIGORIE TL et al. Design and experimental t
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channel comparatively with the other channels suggests the

presence of the turbulence influences in the acquired signal
for that channel, which means that the turbulence started
somewhere between the Kulite sensor associated with this

channel and the previous Kulite sensor.
The second evaluation mechanism, based on the FFT

decomposition, generated the graphics presented in Fig. 19,
for un-morphed airfoil, and in Fig. 20, for morphed airfoil.

If a turbulent airflow is present over a pressure sensor monitor-
ing the flow on the morphable wing upper surface, then its
associated FFT curve will be detached. For both mechanisms,

the resolution for the laminar to turbulent transition position
detection depends by the density of the sensors used to mea-
sure the pressure signals over the monitored surface. Because

here have been used 32 pressure detection channels, which
means a higher graphical data density, the FFT analyze was
conducted step by step, depicting the associated curves for
clusters of eight sensors counted successively beginning from

the wing leading edge. Therefore, each of the Figs. 19 and 20
includes five graphical windows, the first four describing the
FFT curves for these clusters of eight sensors, while, to have

an image of the airflow on the whole Kulite station, the last
one contains the FFT curves for all 32 detection channels.

As in the STD based analyze, the FFT results suggest that

for the original airfoil the turbulent flow is present at the level
of the pressure sensors #13 and #14 (second and fifth graphical
windows in Fig. 19), and for the deformed airfoil its maximum

influence is at the level of the pressure sensors #18 and #19
(third and fifth graphical windows in Fig. 20).

It can be observed that all of the three techniques used to
detect transition position provided similar results for the pres-

sure sensors span-wise station both for original and morphed
airfoils, validating in this way the IR thermography analyze
of the flow performed for the whole wing. Also, for the great

majority of the wind tunnel tested flight cases the research
esting of a control system for a morphing wing model actuated with miniature
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team of the project observed that the morphing technology
improved the average position of the laminar to turbulent flow
transition over the whole wing with more than 2.5% of the

wing chord.
For the previous exposed flow case, the IR measurements

proved that the morphed airfoil beneficiated by an expansion

of the laminar region over the whole morphable wing upper
surface with a mean value of about 2.46% of the chord, while
Please cite this article in press as: GRIGORIE TL et al. Design and experimental t
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in the Kulites span-wise station the extension was approxi-
mately 2.90% of the wing chord.

7. Conclusions

This paper presented the control tuning, instrumentation and
experimental testing and validation for a morphable wing

experimental model actuated using four miniature BLDC
esting of a control system for a morphing wing model actuated with miniature
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motors. The four used actuators were similar, and were

required to produce a direct linear actuation of the flexible
upper surface of the wing, manufactured from composite
materials with elastic properties. The positions of the four

actuation points were determined starting from the aerody-
namically optimized shapes obtained for the deformable wing
through numerical simulation in various flow cases. The struc-

ture of each actuator includes a BLDC motor and a mechan-
ical part which converts rotation movement into linear
movement. Due to limited space and the high actuation force
requirements imposed by our application, the actuators were

in house manufactured using miniature BLDC motors from
the Maxon Motor Company.

The tuning of the three control loops included in the actu-

ator control system was achieved using the Internal Model
Control (IMC) methodology. The first testing step included a
numerical simulation, all results proving an adequate function-

ing of the obtained control scheme. Finally, the obtained con-
Please cite this article in press as: GRIGORIE TL et al. Design and experimental t
BLDC motors, Chin J Aeronaut (2019), https://doi.org/10.1016/j.cja.2019.08.007
trol gains were validated in bench tests and wind tunnel tests

experiments on all four morphing actuators incorporated by
the morphable wing actuation mechanism. The experimental
model was based on certain programmable EPOS drives,

which were used for position control for the BLDC motors,
and on the NI PXI technology. The bench testing results, with
no aerodynamic load on the model, revealed a very good

behavior of the controlled morphing wing model, recommend-
ing its preparation for the next series of experimental tests in a
wind tunnel.

For an assessment of the aerodynamic benefits provided by

the morphing technology, the project research team tested the
developed experimental model in the presence of airflow, in the
National Research Council of Canada subsonic wind tunnel.

The performed testing actions aimed also at the validation of
the numerical study performed by the aerodynamic team and
at the evaluation of the integrated morphing wing system

behavior in various situations simulating a real flight, with dif-
esting of a control system for a morphing wing model actuated with miniature
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ferent incidence angles, Mach numbers, aileron deflection
angles and with the inherent perturbations induced by the
wind tunnel.

To estimate the laminar to turbulent transition location
over the entire upper surface of the morphable wing the
Infra-Red (IR) thermography method has been used. Also,

to have information related to the transition point position
in the Kulite span-wise station two mechanisms were applied:
(A) the evaluation of the standard deviations (STDs) for the

data collected from each of the 32 pressure sensors; (B) the
Fast Fourier Transforms (FFT) decomposition of the acquired
data on each pressure channel.

All of the three techniques used to detect transition position

provided similar results for the pressure sensors span-wise sta-
tion both for original and morphed airfoils, validating in this
way the IR thermography analyze of the flow performed for

the whole wing.
For the great majority of the wind tunnel tested flight cases

the research team of the project observed that the morphing

technology improved the average position of the laminar to
turbulent flow transition over the whole wing with more than
2.5% of the wing chord. On the other way, the results pre-

sented in the paper for the flight case 19, generated for
Ma= 0.15, a = 1.5� and d = 0�, shown that, according to
the IR measurements, the morphed airfoil beneficiated by an
expansion of the laminar region over the whole morphable

wing upper surface with a mean value of about 2.46% of the
chord, while in the Kulites span-wise station the extension
was approximately 2.90% of the wing chord.
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