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Abstract

The development of Micro Aerial Vehicles (MAVs) caused an urgent need to understand and control
low Reynolds number aerodynamics. An active flow control method was applied to a MAV prototype
with an already optimized passive flow control system - sinusoidal leading edge. The active method
was air injection, with the intent to reduce the separation bubble that was detected at the troughs
of the wing in pre-stall conditions. The main goal was to power the air injection system through
the vibrations of the wing’s structure with the help of piezoelectric harvester devices. In this work,
a piezoelectric harvester device was designed through an electromechanical model developed for the
purpose. Also, relevant aspects in how to connect the harvester system with the active flow control
system were analysed. The air injection system performance tests carried out showed good results with
the total suppression of the laminar separation bubble, delay of stall conditions and enhancement of
the lift in post-stall conditions.
Keywords: MAV, Piezoelectric Energy Harvesting, Flow Control, Low Reynolds Number Aerody-
namics, Electromechanical Model

1. Introduction

The desire to built unmanned vehicles comes from
many years ago, during war times where Man tried
to attack the enemy from a distance in order to as-
sure its safety. This concept has grown and nowa-
days it is possible to build very light vehicles with
less than 15 cm, known as Micro Aerial Vehicles
(MAVs). The characteristics of these type of vehi-
cles allow them to successfully perform a wide range
of missions, from surveillance to inspection missions
or even traffic management. There are three possi-
ble configurations: fixed-wing, rotary wing and or-
nithopters; - which must be chosen accordingly to
their mission type.

Furthermore, MAVs are aerodynamically chal-
lenging due to their small dimensions and low ve-
locities. They operate at a regime of low Reynolds
number in which viscous effects are dominant. This
brings complications such as laminar separation
bubbles, transition, reattachment and unsteady ef-
fects that decrease MAV’s aerodynamic efficiency.

The flow around an airfoil starts laminar but the
presence of adverse pressure gradients makes it very
prone to separation. Under certain flow conditions,
the flow is able to reattach and a laminar separa-
tion bubble is formed. While in the free shear layer,
transition occurs from laminar to turbulent flow.

The separation bubble changes the ”effective form”
of an airfoil and subsequently, aerodynamic perfor-
mance is degraded. Therefore, flow control tech-
niques are applied to overcome such adversities.

Flow control techniques are divided in passive
and active methods. Regarding passive methods,
the flow is modified without any external energy ex-
penditure but actuate always regardless the range
of angles of attack in which the airfoil is perform-
ing. This can be accomplished by placing mechani-
cal turbulators on the surface of the wing or by se-
lecting a specific airfoil for the flow regime in which
the MAV will operate. In turn, active methods only
actuate when required but introduce localized en-
ergy or auxiliary power into the flow to control the
natural ability of the flow to attain a large effect.
Control is as effective as the receptivity of the region
where control input is placed, i.e. higher receptivity
regions lead to a better control. However, it adds
more systems and weight to the vehicle since it re-
quires sensors and controllers to operate. Detailed
information about flow control techniques can be
consulted in [1, 2, 3].

In this work, a fixed-wing MAV prototype with an
optimized passive flow control technique was anal-
ysed. The applied passive method was the intro-
duction of a sinusoidal leading edge wing. With it,
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major gains were obtained with the decrease of the
Reynolds number in all the range of angles of at-
tack except for pre-stall conditions. A laminar sep-

Figure 1: Aerodynamic performance improvements
of the sinusoidal leading edge wing over a baseline
wing with the decreasing of the Reynolds number.

aration bubble was detected in pre-stall conditions.
Thus, it was proposed the application of an air in-
jection system to reduce the bubble and recover the
losses inflicted by it. Furthermore, the development
of a system capable of harvesting energy from the
surroundings to power the flow control system was
also accessed.

In environment, there are several types of en-
ergy available which Man always tried to use for
his own benefit - from the invention of the windmill
to harvest wind energy to the scavenge kinetic en-
ergy from the movement of the arm to power some
wristwatches. Nowadays, energy can be harvested
from ambient radiation sources using photovoltaic
panels, from thermoelectric and pyroelectric mate-
rials and using electrostatic or magnetic induction.

In this work, it was intended to harvest energy
from the vibration of fixed-wing MAV’s structure
while operating. To do so, piezoelectric materi-
als were used due to their inherent capacity of
generating electrical voltage when mechanically de-
formed. Piezoelectric harvester devices are com-
monly used in several small applications (e.g. wrist-
watches, doorbells or remote controllers), but can
also be very useful for MAV applications. They are
used as sensors as well as actuators, for further ex-
amples of piezoelectric applications on MAVs see
[4, 5, 6, 7].

Generally, commercial devices are tuned for fre-
quencies above 100 Hz. An operating MAV’s struc-
ture has a driven frequency well below 100 Hz.
Thus, a piezoelectric harvester capable of match-
ing its resonant frequency with the MAV’s driven
frequency was designed. This allowed harvesting
the maximum possible energy.

Therefore, an electromechanical model was de-
veloped to simulate the response of a piezoelectric
device. For model’s validation, two commercial de-
vices by Volture Products from MIDÉ were selected
and then modified.

2. Piezoelectric Harvester Devices
Piezoelectric materials have different configurations
depending on electrodes disposal, stress and pol-
ing directions and on the applied pre-stress and
strain to the material. The configuration of the
piezoelectric material should be taken in consider-
ation when designing an harvester device. Tipy-
cally, harvester devices adopt beam configurations
due to its compatibility with MEMS fabrication
processes and compliant structture. The developed
electromechanical model was adaptated from a sim-
ilar model for a bimorph harvester with cantilevered
beam configuration with one degree of freedom [8].

2.1. Electromechanical Model
The piezoelectric effect is mathematically modelled
with the small-signal constitutive relations that for
1D case are written as:

T3 = cE33S3 − e33E3 (1)

D3 = e33S3 − εS33E3 (2)

where T3, S3, E3 and D3 represent developed stress,
applied strain, applied electric field and electric
displacement in the longitudinal direction of the
beam, respectively. Parameters cE33, εS33 and e33
are the effective stiffness at constant electric field,
the permittivity at constant strain and the piezo-
electric constant relating charge density and strain
respectively. Governing equations establish the
connection between the constitutive equations for
the piezoelectric effect and the dynamics of a can-
tilevered beam. Deriving the various expressions
via an energy approach, leads to the following equa-
tions:

Mr̈ + Cṙ +Kr −Θv = −Bf ẅB (3)

Θtr + Cpv + q = 0 (4)

where M , C, K, Θ and Cp represent the mass,
damping, stiffness, electromechanical coupling and
capacitance matrices. In equations (3) and (4), the
variables r and v are the relative displacement and
the developed voltage in the system and q, the elec-
tric charge. On the right side of the beam’s dynamic
equation (equation (3)) is a forcing vector, Bf and
the input base acceleration, ẅB . Modal solution is
given by the Euler-Bernoulli beam theory (equation
(5))

ψrN = Y

[
cosh(λNx)− cos(λNx)+

(cosh(λNL) + cos(λNL))(sin(λNx)− sinh(λNx))

sin(λNL)− sinh(λNL)

]
(5)

where Y is an arbitrary constant, L the beam length
and λN represents a modal constant conveniently

2



defined. After introducing this expression in the
governing equations and using Laplace transforms,
the following output parameters are obtained:

• Tip displacement∣∣∣∣ z

MT ẅB

∣∣∣∣ =
1

K

√
1 + (αΩ)2√
den

(6)

• Voltage ∣∣∣∣ v

MT ẅB

∣∣∣∣ =
1

|θ|
αk2eΩ√
den

(7)

• Output power∣∣∣∣ Pout
(MT ẅB)2

∣∣∣∣ =
ωN
K

αk2eΩ2

den
(8)

with

den =[1− (1 + 2ξmα)Ω2]2+

+ [(2ξm + (1 + k2e)α)Ω− αΩ3]2
(9)

Dimensionless time constant, α, system elec-
tromechanical coupling coefficient, κ2 and fre-
quency ratio Ω are conveniently defined. It should
be noted that the addition of a tip mass to the sys-
tem does not change the shape of these expressions,
it only affects the coefficient matrices of the govern-
ing equations.

2.2. Commercial Devices
The selected commercial harvester devices are the
models V20W and V21B from Volture piezoelectric
energy harvesters by MIDÉ[9]. As illustrated in fig-
ure 2 the harvester devices are composite structures
comprised by FR4, epoxy, piezoelectric and espanex
layers. The properties of the several layers are sum-
marized in tables 1, 2 and 3.

Figure 2: Product layers distribution[10].

2.3. Model Verification
In this section, the measurements data for the
tested device are presented and compared with
modelling results. The electrical and mechanical
responses of the model are presented. The system’s
resonant frequency is compared as are the open cir-
cuit voltage and the maximum output power. The
model simulated both commercial devices but here

FR4 Electrodes Espanex
E [GPa] 24.8 110 4.5
ρ [kg/m3] 1920 8920 6946.3
t [mm] 0.0762 0.0356 0.0965

Table 1: FR4, Electrodes and Espanex material
properties.

Young’s Modulus, E [GPa] 66
Relative Permitivitty, εT33* 1700ε0
Density, ρ [kg/m3] 7800
Relative Permitivitty, εS33* 830ε0
Strain Constrain, d31 -190x10-12

Piezoelectric constant, em [C/m2] -11.6
*ε0 = 8.854 × 10−12F/m

Table 2: Mechanical and electrical properties of the
piezoelectric material.

V20W V21B
Length, L [mm] 46.3550 34.7980
Width, b[mm] 33.2740 14.4780
Thickness, t[mm] 0.2540 0.2032

Table 3: V20W and V21B harvesters dimensions.

is only present the results for V21B harvester de-
vice. The results show good agreement in system’s
natural frequency obtained by the model as well as
the ANSYSr and data sheet information[9]. From
the base model in work [8], it was expected that
at resonant and anti-resonant frequency the model
under predicted the electrical response due to the
non-linear piezoelectric coupling at larger strain.
Similar response was obtained for the present case.
While harvester device operated with lower input
accelerations and tip masses, the open circuit volt-
age and output power response is lower than the
given in the data sheet however, the results are
close. It should be noted that in open circuit volt-
age, the system’s natural frequency shifts to anti-
resonant frequency therefore, the simulated val-
ues are obtained with the model vibrating at anti-
resonant frequency. Output power has the same be-
haviour as the voltage because it is calculated from
the square of the voltage and resistance measure-
ments. Hence, the errors in these measurements ac-
cumulate. The model only looses its validity when
are applied larger strains in the system.

3. Design of a Modified Harvester Device

The harvested device was mounted inside the fixed-
wing MAV’s structure. While operating, the flow
around the wing induced the structure to vibrate at
a frequency of 35.3 Hz and with amplitude acceler-
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Figure 3: Evolution of natural frequency with tip
mass for V21B harvester.

(a) M0 = 0g (b) M0 = 1g

(c) M0 = 2.4g (d) M0 = 4.8

Figure 4: Open circuit voltage comparison for V21B
harvester.

ations around 1.0004 m/s2 which were transmitted
to the device.

Design an harvester device for target frequencies
lower than 100 Hz is very difficult because by de-
creasing the harvester device size, natural frequency
increases. In turn, harvested devices tuned for fre-
quencies above 100 Hz will not work for the driven
frequency of the fixed-wing MAV’s structure neither
for ambient vibrations induced by fluid flow.

The found solution was to increase the length and
add a tip mass to the V21B harvester device. This
allowed to maintain the integrity of the device’s
piezoelectric properties while the system’s mass and

(a) M0 = 0g (b) M0 = 2.4g

(c) M0 = 7.8g (d) M0 = 15.6g

Figure 5: Maximum power output comparison for
V21B harvester.

stiffness was changed. The natural frequency of a

dynamic system is given by ωN =
√

Keff

Meff
which

explains why the addition of tip masses in figure
3 lowered the natural frequency. Also, from that
expression, decreasing the system’s stiffness lowers
the natural frequency.

System’s stiffness can be changed if another
beam, with different characteristics and properties,
is connected to the V21B harvester device. Subse-
quently, the mechanical system changes too. Fig-
ure 6 illustrates the new the harvester device to be
modelled.

Figure 6: Scheme of the modifications on V21B har-
vester.

Section 1 corresponds to the already modelled
V21B harvester device. Section 2 represents the
new beam that was connected to V21B harvester
device and M0 is the tip mass. Making an analogy
with electric circuits, the two beams are connected
in series therefore, in an equivalent system, the ef-
fective stiffness of the system is given by equation
(10). In an equivalent system, the real harvester de-
vice with two beams is idealized as a simple beam
system of stiffness Keff and accordingly, with mass
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Meff
1. Hence, the electromechanical response is

given as previously and the model could be used
without loosing its validity. The addition of the
beam with section 2 only affected the mass, M ,
and stiffness, K, matrices and the force vector, Bf .
Equations (6), (7) and (8) remain unchanged.

Keff =

(
1

K1
+

1

K2

)−1
(10)

3.1. Design Parametric Studies
The beam with section 2 was made of steel with the
following properties:

• Young’s Modulus, E2 = 210 GPa;

• Density, ρ2 = 7692.31 kg/m3;

• Cross section area, A2 = 8x1 mm2

Parametric studies were performed on the effect
of the length and the tip mass on the natural fre-
quency. The first, showed that the natural fre-
quency decreases by increasing the beam’s length
from section 2. Therefore, it was chosen a beam
with a length of 26 mm because it was the max-
imum space available inside the structure of the
fixed-wing MAV. For the second analysis, the re-
sults are presented in table 4. The target frequency
was obtained when added a tip mass between 4 and
5 grams. With a tip mass of 4.5 gram, the model

M0 [g] Fn[Hz] Pout [µW]
1 58.7 21.6
2 47.7 20.5
3 41.2 20.2
4 36.8 20.1
5 33.5 20.3
6 31.0 20.6

Table 4: Variation of the resonant frequency and
the output power with the tip mass.

predicted the following electromechanical response
for the new harvester device:

• Natural frequency, ωN = 35.0 Hz;

• Maximum power output, Pmaxout = 20.2 µW at
resonance;

• Maximum power output, Pmaxout = 21.0 µW at
35.3 Hz;

• Voltage piezoelectric elements connected in se-
ries, V series = 2.2 V;

• Voltage piezoelectric elements connected in
parallel, V parallel = 1.8 V;

1The total mass of the system is given by the sum of the
masses of each beam.

3.2. Design Verification
The designed harvester device results are presented
and compared with the modelling results. First,
the variation of the output power with the tip mass
is compared. Next, the electrical response of the
system is analysed. The measured results were ex-
tracted from [11].

(a) (b)

(c) (d)

Figure 7: Comparison of results: (a)Power results
as function of tip mass; (b) Dependence of current
with load resistance; (c)Dependence of voltage with
load resistance; (d) Dependence of power with load
resistance.

Figure 7 (a) shows a good agreement between
measured and simulated results. The model pre-
dicts the right power for several tip masses and as
before, under predicts the power at resonant condi-
tions. Both measured and simulated electrical re-
sponses are in accordance except in parallel connec-
tions. The measured values tend to deviate from
the simulated but some error may be present in
the measurements. Regardless the type of connec-
tion, maximum output power should be the same
for both series and parallel connection. As can be
seen in figure 7 (d), that does not happen for the
measured values in the laboratory. Possibly, mea-
surement conditions were not ideal.

4. Usage of Harvested Energy for Active
Flow Control

A piezoelectric harvester device is a AC source.
Thus, or it can be used by a sensor with vari-
able sources requirements or it has to be rectified
to power the majority of electronic devices (such
as batteries). During the time in which this work
was made, it were not found sensor with power con-
sumption in the order of µW. Subsequently, a brief
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description of power manager circuits capable of
converting the AC current into a stable DC current
are here presented.

The rectification is made through a power man-
ager system which assures the transfer of the en-
ergy between the harvester device to the host de-
vice. Piezoelectric devices can be thought as a small
current source in parallel with a capacitor. Typical
values for this parallel capacitance are on the order
of 10 nF[9]. In the terminals of this electronic cir-
cuit is connected the power manager system. Some
examples are given in next subsections.

4.1. Rectified DC load
The rectified DC load is the simplest circuit that
can extract real power from a piezoelectric device.
It is comprised by a standard bridge rectified and a
smoothing capacitor. The main source of losses in
this kind of circuits are the leakage currents in the
reverse biased diodes that make the rectifier bridge.

Figure 8: Circuit representation of a piezoelectric
harvester with a rectified DC load[12].

4.2. Synchronous switched extraction with DC out-
put and efficient energy transfer

Losses can be reduced if the rectifier bridge is con-
nected via a switch. Synchronous switched extrac-
tion results from an improvement of the rectified
DC load circuit. The switch only allows the current

Figure 9: Circuit for synchronous switched extrac-
tion with DC output[12].

to flow through the bridge, if the energy stored in
the capacitance of the piezoelectric device is at max-
imum value. Next, current is conducted for the in-
ductor and lastly for the output capacitor. Despite

reduced, the main source of losses stills being the
bridge rectifier but also the inductor which depends
on a quality factor, Q. To protect the electron-
ics from peak voltages is installed a free-wheeling
diode, D.

4.3. Piezoelectric fixed voltage control
Piezoelectric fixed voltage control maximizes the
voltage from the harvester device by continuously
connecting one of two voltage sources, except when
the current has zero crossing. Figure 10 illustrates
such a circuit where the extra switch allows the cir-
cuit to charge the opposite polarity.

Figure 10: Circuit of a piezoelectric fixed voltage
control with charge cancelling[12].

4.4. Parallel SSHI with synchronous extraction
While previous circuits required Vpo > 2VD to pro-
duce power, parallel SSHI with synchronous extrac-
tion produce power for smaller values of Vpo. It is
a combination of the previous circuits and has two
control variables: output voltage, Vout and the pro-
portion of stored energy on Cp. The main advan-

Figure 11: Circuit for parallel SSHI with syn-
chronous extraction[12].

tage of this circuit is the required lower value of Vpo
to produce power.

4.5. Single-Supply Pre-Biasing
This circuit topology provides significant gains in
power extraction and with a reduced number of
components: four switches and one inductor. It has
switches which operate in synchronous pairs and
rectify the harvested energy from the piezoelectric
device. The circuit is illustrated in figure 12 and it
is the circuit that can extract most energy from a
piezoelectric harvester device.

6



Figure 12: Circuit for single-supply pre-biasing[12].

The described circuits so far only rectify the AC
voltage and current from the piezoelectric device to
stabilized DC voltage. Alone, those circuits cannot
charge a battery or electronics because their out-
put voltage is neither flexible nor regulated. Hence,
a DC/DC converter must be connected to the cir-
cuits. Only then, the harvested energy can be con-
veniently used by the hosting device. A circuit ca-
pable of transfer energy directly from the piezoelec-
tric harvester to the battery via a switched inductor
was also taken in consideration (see [13]). This cir-
cuit allowed power manager systems become more
lighter and have less energy losses which might be
a good option to connect the designed piezoelectric
harvester device with the electronics from the active
flow control system.

Figure 13: Proposed harvester by [13].

Space and weight are the major concerns in MAV
applications. After reviewing the above devices it
was concluded that none of them would be good
enough to our case. Hence, it was suggested com-
mercial solutions. Linear Technology has a class of
devices targeted for piezoelectric harvesters. They
are equipped with low loss full wave bridge rectifiers
followed by a converter and also enable the selection
of output voltages. For additional information see
[14, 15].

5. Experimental Testing of Stall Control

In this section, results from the application of an hy-
brid flow control system are present. Tests were car-
ried out in open circuit wind tunnel of blown type.
The wind tunnel operates at low Reynolds numbers

(incompressible flow), it is powered by a centrifu-
gal fan which in turn is activated by a continuous
current motor of 21.5 kW. The maximum veloc-
ity achieved in test section is 9 m/s. Support and
blocking effects were taken in consideration when
analysed the results. The acquisition data system
for aerodynamic performance tests was comprised
by a compact aerodynamic balance by Schenck, a
control box and a computer. The aerodynamic bal-
ance had six channels to measure the aerodynamic
forces and moments.

The flow structure modification analysis and vi-
sualization was carried out via PIV method. The
PIV system (Dantec Dynamics, Denmark) included
a DualPower 200-15 YAG laser (Litron, UK) oper-
ated at a frequency of 10 Hz with pulse energy of 2
x 190 mJ at 532 nm; two digital cameras FlowSense
EO 4M with a resolution of 2048 x 2048 pixels
equipped with objectives Macro Zeiss 50 mm; and,
data processing was performed by the DynamicStu-
dio software. Seeding was provided upstream of the
wind tunnel plenum by a 1500 W commercial smoke
generator with DMX control. Flow tracers diameter
was less than 5 micron and they followed the flow
with no response-lag to any turbulent fluctuations.
Flow tracers’ diameter was less than 5 micron and
they followed the flow with no response-lag to any
turbulent fluctuations. PIV numerical data was ob-
tained using 32 x 32 pixels interrogation windows
with an image overlap of 50% and applying two lev-
els of multi-pass processing to increase the dynamic
range of the measurements. The laser pulse separa-
tion was set to 10 ms, after optimization of image
correlation for both cameras views.

The air injection system was comprised by one
compressor by AirTech, one Purgemaster flowmeter
series A6131/41 with tube number FP-1/4-15-3/37
CD-14, six PVC tubes and four air injectors with
1 mm2 of cross-sectional area. The quantification
of the air injected into the flow was carried by the
definition of a momentum coefficient as follows:

Cµ =
ρairVjAj
ρairU∞S

(11)

where ρair is the density of the air, Vj and U∞ rep-
resent the jet and the free stream velocity, respec-
tively. Aj and S are the injector and the planform
area, respectively. Three different values of Cµ were
carried out during the tests and the properties of
the flow are listed in table 5.

Air injectors were mounted inside the MAV’s
structure equally distanced from the center line as
can be seen in figure 14 - two at each trough of the
sinusoidal leading edge wing - and then they were
fixed to assure a tangential air injection in the flow.

With the aerodynamic balance, fixed-wing
MAV’s lift was measured for a range of angle of
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Flow rate [%] Q [ml/min] Vj [m/s] Cµ
0.00 0 0 0
50.00 3132.09 13.05 0.000003
100.00 6264.17 26.10 0.00010

Table 5: Air injection jet characteristics.

Figure 14: Location of the air injectors in the wing.

(a)

(b)

Figure 15: (a) Active flow control system mounted
inside the wing; (b) Closed look at the fixed air
injector.

attack from 0 to 25 degrees, incremented by 1 de-
gree, and for the three defined momentum coeffi-
cients presented in table 5. The visualization of the
air injection system effect was done with the laser
sheet, for the PIV method, placed at the trough of
the wing aligned with the free stream. This was
accomplished with the help of a 3-axes translation
system (ISEL, Germany) which adjusted the dis-
tance from the MAV prototype to the laser sheet.

5.1. Modification of the Flow Structure
PIV results are present for four selected angles of
attack - 0o, 12o, 16o and 20o. Tests were carried out
at a Reynolds number of 140000 and all measured
flow velocities are normalized by the free stream
velocity, U∞.

(a) α = 5o (b) α = 12o

(c) α = 16o (d) α = 20o

Figure 16: PIV results of the time-averaged flow
around the wing with passive control only (no air
injection).

Figure 16 illustrates the behaviour of the flow
around the fixed-wing MAV’s prototype just for the
passive flow control method. These images provide
information about the movement of the recircula-
tion bubble (denoted by the blue region) in direc-
tion to the leading edge. The sinusoidal leading
edge wing proved to be very effective by control-
ling the flow when increased the angle of attack.
From 16o to 20o, the vortices generated by the wing
kept the bubble in the same location preventing it
from bursting. After reattachment, boundary layer
thickness decreases.

The effect of the active flow control is illustrated
in figure 17. The hybrid flow control successfully
eliminated the region of recirculating flow both in
pre- and post-stall. Furthermore, in pre-stall con-
ditions, the region with low momentum decreases
which delays the stall.

5.2. Improvements in Aerodynamic Performance
Figure 18 illustrates the influence of the jet momen-
tum on the lift generated by the wing at Reynolds
number of 140000. The angles selected in the pre-
vious subsection for PIV measurements were here
marked with bigger symbols to help relating the re-
sults from both tests.
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(a) α = 16o with active sys-
tem off

(b) α = 20o with active sys-
tem off

(c) α = 16o with active sys-
tem on

(d) α = 20o with active sys-
tem on

Figure 17: PIV results of the time-averaged flow
around the wing wih hybrid flow control (with air
injection, Cµ = 0.00010).

Figure 18: Variation of the lift coefficient with the
angle of attack for three different mass flow rates of
air injection.

At an incidence of 16o, with no air injection,
figure 18 shows that the MAV prototype was in
stalling conditions. In the previous subsection, it
was stated that the passive flow control system ef-
fectively prevented the airfoil from enter in stalling
conditions. The cause for this mismatch is that
PIV results just reproduce a specific region of the
wing - the trough of the sinusoidal wing - and de-

spite locally the separation bubble being prevented
from bursting, the measurements of the aerody-
namic balance are for the overall structure of the
MAV. Hence, it means that there are regions along
the wing where the generated vortices are not able
to energize conveniently and therefore, it cannot
prevent the wing from stalling conditions.

When was applied a jet momentum of 0.00010
into the flow, the stalling was delayed and large
gains were also found for post-stall conditions.
Blowing air system’s purpose was to enhance the
performance of the wing in pre-stall conditions.
That goal was successfully achieved. Although,
when compared the curves with and without ac-
tive system, the obtained gains may not justify the
implementation of such a system in the MAV.

One last note, when applied a jet momentum of
0.00003 the lift was slightly enhanced in the lin-
ear region of the curve for small incidences. This
means that the magnitude of the jet when added to
the flow around the wing, for that range of angles,
increased the pressure difference between upper and
lower surface of the wing which in turn, increased
the total lift.

6. Conclusions
6.1. Achievements

An electromechanical model which only required
one degree of freedom was developed. Good agree-
ment between the model response, the information
given by the manufacturer data sheet and the sim-
ulation in ANSYSr software validated the model
to simulate a piezoelectric harvester operating with
low amplitude vibrations and low masses.

Furthermore, the model was used to design an
harvester device in order to match a targeted fre-
quency and a solution to lower the resonant fre-
quency of a piezoelectric device was proposed. Once
again, good agreement between the measured and
the simulated response of the designed piezoelectric
harvester device was achieved.

The effect of the passive flow control on the flow
structure was visualized. It was concluded that de-
spite the passive method prevented the bubble from
bursting at higher incidences, the vortices generated
in the wing could not energize conveniently all the
flow field and the MAV still entered in stalling con-
ditions.

An independent air injection system was
mounted as an active flow control technique. The
momentum injected into the flow was successfully
controlled and its influence in pre-stall conditions
showed good results. It was verified the suppres-
sion of the recirculation bubble that appeared be-
fore, with just the passive flow control.

Wing’s aerodynamic performance with hybrid
control in pre-stall conditions matched the perfor-
mance of baseline wing in similar conditions, which
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shows the obtained gains. Even so, air blowing sys-
tem gains in the chosen location only allow to equal
the lift by the MAV with the baseline wing. It would
be interesting to obtain greater gains in order to jus-
tify the investment on the application of this kind
of system. It is really important to achieve the best
aerodynamic performance possible because in real
world, the results are never as good as in the lab-
oratory, where the conditions are ideal and the en-
vironment is conveniently controlled. In real world,
several problems occur which cannot be controlled
thus, it is better to have an active control system
that enables to get a higher lift coefficient in the
wing and not in the limit, as in the present case.
Only that way, it is possible to have a MAV with a
certain margin to overcome the obstacles that might
appear.

6.2. Future Work

For future work, it is recommended to improve the
electromechanical model to obtain a better response
when higher amplitude vibrations and masses are
applied to the system. Moreover, for the active
flow control system it is recommended to study fur-
ther injector locations. Place them even closer to
the center line or even at the center line. Another
solution might be place them downstream of the
separation point but within the recirculation zone.
This way the dead air zone is energized which may
lead to an eventual reduction of the shear layer.
Also, substituting the steady jet by an oscillatory
jet might change the aerodynamic performance of
the fixed-wing MAV.

At last, it should be interesting to try other active
flow control techniques and compare their efficiency.
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