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Abstract: A micro air vehicle (MAV) is a class of miniature unmanned aerial vehicles that has a size
restriction and may be autonomous. Fixed-wing MAVs are very attractive for outdoor surveillance
missions since they generally offer better payload and endurance capabilities than rotorcraft or
flapping-wing vehicles of equal size. This research paper describes the methodology applying
indicial function theory and artificial neural networks for identification of aerodynamic derivatives
for fixed-wing MAV. The formulation herein proposed extends well- known aerodynamic theories,
which are limited to thin aerofoils in incompressible flow, to strake wing planforms. Using results from
dynamic water tunnel tests and indicial functions approach allowed to identify MAV aerodynamic
derivatives. The experiments were conducted in a water tunnel in the course of dynamic tests of
periodic oscillatory motion. The tests program range was set at high angles of attack and a wide scope
of reduced frequencies of angular movements. Due to a built-in propeller, the model’s structure test
program was repeated for a turned-on propelled drive system. As a result of these studies, unsteady
aerodynamics characteristics and aerodynamic derivatives of the micro-aircraft were identified as
functions of state parameters. At the Warsaw University of Technology and the Air Force Institute of
Technology, a “Bee” fixed wings micro aerial vehicle with an innovative strake-wing outline and a
propeller placed in the wing gap was worked. This article is devoted to the problems of identification
of aerodynamic derivatives of this micro-aircraft. The result of this research was the identification of
the aerodynamic derivatives of the fixed wing MAV “Bee” as non-linear functions of the angle of
attack, and reduced frequency. The identification was carried out using the indicial function approach.

Keywords: water tunnel experiments; micro aerial vehicles aerodynamics; aerodynamic derivatives;
indicial functions application in unsteady aerodynamics modelling; low reynolds number
aerodynamics; neural networks
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1. Introduction

Fixed wings Micro air vehicles (MAVs), also known as micro-drones, may be defined as uninhabited
micro aircrafts capable of completing surveillance or recognition missions in outdoor or indoor
environments. Although a lot of attention has been paid so far to the embedded system, which includes
sensors, autopilot and a payload, MAVs have now reached a level of maturity such that the problem of
improving their aerodynamic performance is becoming a major concern. Because of severe Reynolds
effect limitations, designing MAVs cannot just mean downsizing conventional aircraft. In open space,
and in average weather conditions, temporary gusts of wind have a speed of 3–5 m/s (thus reaching
10% of the MAV’s maximum speed). In addition, the direction of such gusts changes quite often.
This has a significant impact on MAV operation [1]. The speed of stronger wind gusts reaches a value
comparable to the MAV cruising speed. Therefore, the key problem of MAV effective operation is to
provide them with flight stabilization over a very wide range of operating conditions, in particular,
at a high angles of incidence. The analysis of flight records clearly illustrates this problem. Changes in
the angle of attack (AOA) are rapid and their amplitude ranges from +60◦ to −30◦. The speed varies
from 20 to 130 km/h and the altitude from 250 to 25 m [2]. Micro-drone flight in average atmospheric
conditions can be compared to a passenger aircraft flight in hurricane conditions [3,4]. It can therefore
be concluded that automatic class control systems, using linear proportional–integral–derivative (PID)
controllers, do not always manage to stabilize flight in the event of atmospheric turbulence. Hence,
it is very important to develop an exact MAV model, and in particular, to determine the aerodynamic
forces and moments acting on the micro-drone.

Flows over an micro-aircraft at high angles of attack are complicated by the dynamics of flow
separation and reattachment, the development and breakdown of vortex flow, and their interaction with
dynamics of the aircraft. This causes significant non-linearities of unsteady aerodynamic characteristics,
for example, non-uniqueness of stability derivatives and hysteresis of aerodynamic characteristics.
Increasing computational capacity and the development of numerical techniques has recently led
to significant progress in finding solutions for Navier–Stokes equations coupled with the dynamic
equations governing aircraft motion and facilitating flight dynamics studies [5]. However, presently
the issues of fluid mechanics and flight dynamics cannot be solved simultaneously in certain aerial
mechanical applications—for example, in the case of realistic simulations of aircraft flight or control
system design [6–9]. Solving such flight dynamics problems demands Reduced-Order Models (ROM)
of unsteady aerodynamics describing non-linear phenomena observed within the extended range
of flight parameters. Experimental data obtained from wind tunnel tests of Computational Fluid
Dynamics (CFD) data are commonly used for the development of such models.

The presence of important outcomes of aerodynamic load non-stationarities requires special
attention (the impact of acceleration to aerodynamic derivatives, in particular). Although these effects
were first observed in the 1950s, in most cases they were of little importance in terms of analysing
stability and manoeuvrability of a conventional aircraft (flying at relatively low angles of attack and
low state parameter change amplitudes) [10,11]. However, in the case of micro aircraft, the flight of
which is characterized by a sudden change in the angles of attack and slip resulting from atmospheric
turbulence and wind gusts, a linear model of aerodynamic loads, based on stability derivatives, is a
failure. MAVs are characterized by highly non-linear aerodynamic characteristics. Therefore, it is
widely believed that one of the most important issues of contemporary flight dynamics is developing
non-linear mathematical models for aerodynamic loads, as a state variable function. This is extremely
paramount not only because of determining the level of aerodynamic loads present in the course of
flight, but also due to the analysis of flight stability and manoeuvrability (preventing cases of in-flight
manoeuvrability loss, in particular).

At the Warsaw University of Technology and the Air Force Institute of Technology, a “Bee”
fixed wings micro aerial vehicle with an innovative strake-wing outline and a propeller placed in
the wing gap was designed and built. This article is devoted to the problems of identification of
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aerodynamic derivatives of this micro-aircraft. Aerodynamic derivatives were identified by the indicial
function method.

2. Modelling of Aerodynamic Coefficients—A Short Review of the Literature

A number of non-linear modelling techniques involving non-stationary aerodynamic
characteristics of aircraft have been developed over the last decade. An example can be the research
results of the following work groups: AVT-113 and AVT 201 of the Applied Vehicles Technology
panel of the NATO Science and Technical Organization (NATO STO). The work of the AVT-113 task
group “Cranked Arrow-Wing Aerodynamics Project International—CAWAPI” were devoted to studying
the aerodynamics of the F-16 XL aircraft. In the 90s of the previous century, NASA conducted in-flight
tests of the experimental F-16XL aircraft. This aircraft had a delta-wing with a specifically curved
leading edge. The results of in-flight tests conducted at NASA were a reference for the works by the
AVT-113 task group, which concentrated on evaluating the possible application of computational fluid
mechanics to predict data obtained during the in-flight tests of the F-16XL aircraft. The results of this
study were summarized in two special editions of the Journal of Aircraft (J. of Aircraft, vol. 56, No. 2
and 4 of 2017).

The work of the AVT-201 task group “Extended Assessment of Reliable Stability & Control Prediction
Methods for NATO Air Vehicles” was devoted to extended assessment of methods for forecasting stability
and control of NATO aircraft, including unmanned aerial vehicles. The efforts of AVT 201 were a
continuation of the study by the AVT-161 work group, which were also dedicated to methods for
predicting stability and control of NATO aircraft and vessels. The results of the work by AVT 201
were summarized in a special edition of Journal of Aircraft (J. of Aircraft, vol. 55 No. 2, March/April
2018). The objective of the work by the AVT-201 task group was to determine the general strategy for
developing databases in terms of aircraft stability and manoeuvrability in the aspect of their application
in simulation systems for these objects, and in the complete field of flight parameter envelope, including
the issues of large and supercritical angles of attack. The studies discussed in a special edition of
the J. of Aircraft quarterly included: evaluation of the possibilities of computational fluid mechanics
methods for modelling the airflow around a manoeuvring airframe; application of experimental
data for assessing the aircraft manoeuvrability; and precise flow field prediction, in order to validate
computational methods, with particular regard to cases of flow asymmetry and its non-stationarity.
The objective of the research was to expand the knowledge in the field of aerodynamic phenomena and
to better understand aircraft flight dynamics. A series of dynamic tests in air and water aerodynamic
tunnels were conducted, besides calculations using the numerical fluid mechanics methods.

The aforementioned research examples can be considered as valid and representative. Based on
the analysis of the studies contained in the cited issues of the Journal of Aircraft quarterly, it can be
concluded that they concentrate rather on assessing how closely the conducted calculations reflect
the experimentally observed effects, than on their practical application in modelling and simulating
aircraft flight.

The research work devoted to the practical application of non-stationary aerodynamics models in
algorithms describing aircraft flight dynamics include: [5,11–18]. The authors of these cited articles
analysed the effects of introducing aerodynamic derivatives calculated relative to accelerations, thus
taking into account the outcomes of aircraft airflow non-stationarity. However, the results of cited
papers are ambiguous. They can be summed up with a conclusion that the correctness of non-stationary
aerodynamic models, as a function of the state parameter, “depends on the aircraft and manoeuvre”.
There were also several papers published, in which the authors evaluated the effects of non-linear
modelling of aircraft aerodynamic loads in terms of suitability within the engineering process of
control laws [19–25]. The authors of these studies noticed that omitting the effects of aerodynamic
load non-stationarity usually leads to decreased autopilot effectiveness. It can be seen that attempts
at modifying and expanding the conventional model of stability derivatives within the process of
modelling non-stationary aerodynamic loads are extremely interesting (from a practical point of
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view). Very often, in order to reflect transient aerodynamic effects, the classical model of “stability
derivatives” is expanded by adding derivatives calculated relative to accelerations. Approximation of
transforms using rational functions are often introduced in non-stationary issues. This leads to a model,
where additional (aerodynamic) variables of the system state and additional differential equations are
defined. In the case of high angles of attack, with occurring flows with separation, semi-empirical
non-linear models are required to determine transient aerodynamic forces. They usually take the
form of additional, non-linear ordinary differential equations. These equations include coefficients,
which can be determined based on the results of experiments conducted in aerodynamic tunnels or
in the course of in-flight tests. Examples include the ONERA model [26] developed to determine
aerodynamic forces and moments acting on a helicopter blade aerofoil and other similar models by
Leishman or Beddoes [27,28].

Estimating the aerodynamic characteristics of an aircraft based on its motional response to
disturbances requires suggesting a mathematical model of its flight dynamics. The mathematical
model includes both aircraft motion equations, as well as equations for aerodynamic forces and
moments. The relationships describing the aerodynamic loads are also called aircraft aerodynamic
model equations. In the field of the flight operating parameter envelope, which does not generally
experience stream separations, the flow is stable and stationary, and the aerodynamic model equations
are usually described as a linear approximation of the expansion of functions describing aerodynamic
forces and moments in the Taylor series. It is a model of so-called aerodynamic derivatives, commonly
applied since the beginning of the 20th century [17,23,29–35].

However, in conditions of overshooting, the nominal envelope of the flight parameters, a traditional
aerodynamic derivative model, is no good. Therefore, it is necessary to generalize the mathematical
model of aerodynamic loads in manner, which enables taking unusual flight conditions into account.
Such a model shall reflect the presence of frequency relationships and non-linear responses to flight
parameter disturbances. The results of numerous studies [28,36–41] indicated that aerodynamic
parameters depended on frequency. This dependence is in contrast to the basic assumption of the
aerodynamic derivative model, which assumes that stability derivatives can be treated as constant.
When aerodynamic parameters exhibit dependence on frequency, the aerodynamic model equations
can be effectively formulated using the indicial or step function, which enables capturing transient
responses of the aircraft [10,15,16,22,42]. When the values of transient aerodynamic load coefficients
depend on the aircraft movement amplitude and frequency, an approach allowing to determine
aerodynamic loads using the Indicial function method, combined with the superposition principle,
can be applied [10,22]:

C(t) =
∫ t

0
A(t− τ)

.
hdτ (1)

where: C = [CX, CY, CZ, Cl, Cm, Cn]
T is a vector of aerodynamic forces and moments coefficients, and:

CX is a drag coefficient, CY is a side force coefficient, CZ is a lift coefficient, Cl is a rolling moment
coefficient, Cm is a pitching moment coefficient, and Cn is a yawing moment coefficient.

A =
[
A

h j

C j

]
is the matrix of a characteristic response function for step variance of flight parameters,

such as angles of attack α, angles of slip β, bank angle γ, angular velocities of roll r, pitch q, yaw r,
and displacements of control surfaces: elevator δe, and elevons δelv. These quantities can be expressed
in the form of a vector h = [α, β,γ, p, q, r, δe, δelv]

T.
Such an approach is efficient, however, combining the aforementioned functional representation

of the aerodynamic loads with aircraft motion equations is not easy. It should be stressed that the
aforementioned representation of aerodynamic characteristics can also be expanded onto non-linear
cases, which take into account boundary layer separation. However, in the event of stream separation,
the application of the above aerodynamic model becomes significantly more complicated because of
difficulties connected with breakdown modeling of boundary-layer flow [22].
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Models described with ordinary differential equations can be used to describe non-linear
aerodynamic characteristics associated with the aircraft motion history. The base for such a description
is the measurements of aerodynamic loads taken in aerodynamic tunnels or calculated with methods
of numerical fluid mechanics. Measured or calculated aerodynamic characteristics can be described
using the following dynamic input-output system [15,16,18,28,41]:

Di
(
C, dC

dt , . . . . . . , dkC
dtk

)
= Ni

(
h, dh

dt , . . . . . . , dmh
dtm

)
C ∈ <6, h ∈ <8, i = 1, 2, . . . . . . , 6

(2)

where: Di, Ni are certain smooth, non-linear functions, which can be identified with appropriate
techniques [28,36–41].

This method is convenient for solving issues associated with flight dynamics, since transient
aerodynamics models presented in the form above lead only to increasing the size of the problem and
do not impact the possibility of studying motion stability using classical methods. One of the most
important features regarding this method is the ability to describe aircraft aerodynamic loads as a
function of state variables [15]. State variables are very critical parameters, which enable describing
a dynamic system [43]. They provide information required to determine the current and future
behaviour of a dynamic system, an aircraft in this case. State variables can be treated either formally
or have well-defined physical significance. There is a close relationship between the aforementioned
representation of aircraft aerodynamic characteristics within the state space and the characteristic
function method. In a linear case, the characteristic function can be approximated using an indicial
response function or through exponential functions. Such an approximation is equivalent to the
application of a system of linear, ordinary differential equations, with exponential functions as the
solution. The resulting exponential equations describe transient aerodynamics of an aerial vehicle and
can be easily attached to the aircraft motion differential equations.

Approximation of aerodynamic characteristics in a state variable space, which describes the
transient flow around the aerofoil for a linear case (flows without separations), was presented in the
following research papers: [5,8,15,16]. The authors of these works applied this approach to describe
the delay in the separation of the boundary layer, resulting from the impact of vortices flowing off

the aerofoil.
With high angles of attack, the flow separation on the wing has several additional dynamic

properties. They include delayed convection of the boundary layer (lift), effect of boundary layer
sticking, effect of separation point displacement etc. Some of these phenomena impact the conditions
of flow detachment appearing and disappearing. Others are associated with the expansion of detached
flow and transitory processes. Instantaneous position of the separation point depends on all of
these effects. In turn, the values of the total aerodynamic force and aerodynamic moment depend
on the kinematic motion parameters and the flow separation point. Therefore, the position of the
separation point in this case can be treated as an internal dynamic variable. Obtaining a mathematical
model requires dynamic equations governing the behaviour of the separation point, depending on the
kinematic motion properties of the aerofoil, as well as the dependence of the total aerodynamic force
on the kinematic parameters and the separation point position. Similar aerodynamic processes govern
the vortex-related separation of the flow around a low-elongation delta-wing. In this case, the position
of vortex breakdown points can also be treated as internal dynamic variables. Although aerodynamic
processes for the aerofoil and delta-wing differ significantly, the dynamic features of aerodynamic
forces are similar.

Given the aforementioned features, one can suggest a mathematical model where the internal
dynamic variables (vector x) approximately describe the state of separated and vortex-related flow
around the micro-aircraft. These variables provide additional information required at a given time
to calculate the aerodynamic forces and moments described by vector C. Vector C is also a function
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of system data (input) described by vector u. The result is the following system of differential and
algebraic equations:

dx
dt = f (x(t), u(t))

C(t) = g(x(t), u(t))
(3)

A complex air flow around a micro aircraft at high angles of attack, experiences both the phenomena
of vortex separation, as well as breakdown. Dynamic properties of these phenomena can be described
using equation [15]:

τ1
dx
dt

+ x = x0

(
α− τ2

dα
dt

)
(4)

where τ1 and τ2 are time constants.
The generalized internal state variable x in this case has no defined physical significance. In a

general case, the function g(x, u) in Equation (3) must be determined by the application of identification
techniques, based on experimental data (on the basis of force and moment measurements in aerodynamic
tunnels or based on data gathered during in-flight tests) [18,28,36–41,44].

Ultimately, the lift force and pitching moment coefficients take the form:

CZ = Cnl
Z (α, x) + ∂CZ

∂q
qcA
V + ∂CZ

∂
.
α

.
αcA
V + ∂CZ

∂δe
δe

Cm = Cnl
m(α, x) + ∂Cm

∂q
qcA
V + ∂Cm

∂
.
α

.
αcA
V + ∂Cm

∂δe
δe

(5)

Equation (5) must be satisfied both for oscillatory motion of low amplitude, as well as for
any movements, including the ones leading to dynamically achieving high angles of attack and
high-amplitude oscillations.

Non-linear Cnl
Z (α, x) Cnl

m(α, x) and coefficients can be expressed in the form:

Cnl
Z (α, x) = CZ1(α)g(x) + Cz2(α)[1− g(x)]

Cnl
m(α, x) = Cm1(α)g(x) + Cm2(α)[1− g(x)]

(6)

where CZ1(α), Cm1(α) and CZ2(α), Cm2(α), respectively, depend on the coefficients of CZ and Cm for
x = 1 and x = 0. The CZ1(α), Cm1(α) functions are an envelope of the curves of the set of CZ and Cm

coefficients obtained for various positive pitching speeds. Function g(x) acts as a normalized weight
function g(x) ∈ [0, 1], x ∈ [0, 1], which enables expressing a simplified dependence on x. Function g(x)
can be expressed in the form: g(x) = x + ax(x− 1), the value of constant a ∈ 〈−1, 1〉 is identified using
the least squares method. In some cases, the functional Fourier analysis can also be used to develop
models of transient aerodynamic characteristics. The aerodynamic characteristics were estimated
based on measurements taken in a wind or water tunnel.

3. Water Tunnel Experiments

3.1. Water Tunnel Description

All tunnels tests were conducted using a water tunnel by Rolling Hills Research Corporation,
Model 2436 [45]. It is a tunnel with closed working fluid circulation, where the measuring chamber
space has a rectangular face section with the dimensions of 610 mm× 915 mm (Figure 1). This tunnel is a
part of the Low Reynolds Number Laboratory of the Department of Mechanics and Power Engineering
of the Wroclaw University of Technology.



Aerospace 2020, 7, 116 7 of 25

Aerospace 2020, 7, x FOR PEER REVIEW  7 of 27 

7 
 

measurement of both values  is used to calculate the Reynolds number for given conditions  in the 

course of the experiment. The range of water flow velocities in the tunnel varies from 0 to 280 mm/s. 

Figure 1a shows an image of the tunnel’s measuring space, control system and the amplifier console. 

   

(a)  (b) 

Figure 1. RHRC 2436 water tunnel; (a) water tunnel measuring space; (b) console for measured signal 

amplifiers and water flow speed display. 

The movements of  the model within  the measuring  space are made possible by  the bracket 

structure, which ensures freedom of motion within a range of angles of attack 𝛼 ∈ ⟨ 8°, 32°⟩, angles 
of  slip 𝛽 ∈ ⟨ 25°, 25°⟩ and  angles of  roll 𝛾 ∈ ⟨ 54°, 54°⟩. A diagram of  the model bracket  for  the 

RHRC2636 tunnel measuring space is shown in Figure 3.  

 

(a) 

Figure 1. RHRC 2436 water tunnel; (a) water tunnel measuring space; (b) console for measured signal
amplifiers and water flow speed display.

The RHRC 2436 tunnel was equipped with a bracket ensuring the movement of a studied
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is a five-component tensometric scale (Figure 2). There are five undercuts with stuck piezoelectric
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of the circular-section scale. Current voltage in the extensometers is the directly measured value.
Voltage changes are transmitted onto full Wheatstone bridges [46]. Each signal is equipped with a
separate amplifier with a Wheatstone bridge, which transmits the measured signal further onto a data
acquisition board built into a PC (Figure 1b). The RHRC 2436 water tunnel is equipped with water
flow velocity meter and a thermometer for the water in the measuring chamber [47]. The measurement
of both values is used to calculate the Reynolds number for given conditions in the course of the
experiment. The range of water flow velocities in the tunnel varies from 0 to 280 mm/s. Figure 1a
shows an image of the tunnel’s measuring space, control system and the amplifier console.
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The movements of the model within the measuring space are made possible by the bracket
structure, which ensures freedom of motion within a range of angles of attack α ∈ 〈−8◦, 32◦〉, angles of
slip β ∈ 〈−25◦, 25◦〉 and angles of roll γ ∈ 〈−54◦, 54◦〉. A diagram of the model bracket for the RHRC2636
tunnel measuring space is shown in Figure 3.
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Figure 3. (a) Model manipulator (up) and strain balance (down) scheme [46]; (b) support view.

Figure 3 shows a bracket fixed in the tunnel’s measuring space. The structure of the arm that fixes
the tensometric scale with an attached model enables initial fastening of the model with a wedge angle
in the range of 0◦ ÷ 60◦, which given the option to mount the model in two positions (rolling angle of 0◦

and 180◦), results in a possibility of conducting the tunnel test with an angle of attack α ∈ 〈−92◦,+92◦〉.
Changes in the spatial position angle of the model are achieved using stepper motors. This enables a
smooth change of the model’s positions and ensures precise determination of the angular position,
with an accuracy of 0.001◦. The water tunnel bracket enables conducting numerous dynamic tests.
A diagram representation of such tests is shown in Figure 3. Initial experimental values and quantities
measured by the aerodynamic scale are processed using the AAF-3PCI data acquisition board by
Alligator Technologies [45–47].

The software for controlling the model within the measuring space was developed in the LabVIEW
environment. Also, the data acquisition and storage procedures were developed in this programming
environment. The software for tunnel control, as well as data acquisition and storage, enables executing
the following actions:

1. stationary and non-stationary tests,
2. tensometric scale calibration,
3. controlling the spatial positioning of the model,
4. controlling the water flow velocity in the tunnel,
5. graphic illustration of the test results,
6. imaging voltages on the strain gauges in the five-component scale.

Furthermore, the software enables converting the measurements for other data (for example,
after recalibrating the scale) and entering geometric data for the tested model.

3.2. The Model

Identification of non-stationary aerodynamic characteristics of a micro aerial vehicle was conducted
based on the results of numerous tests. The research included both stationary, as well as non-stationary
tests that were conducted. The micro-drone “Bee” model used for the study is shown in Figure 4a.
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Figure 4. (a) The “Bee” MAV model for testing in a water tunnel; (b) micro-drone “Bee”; (c) sketch of
the “Bee” fixed wings MAV; the “Bee” data: wingspan = 500 mm, MTOW = 850 g, Vmax = 120 km/h,
endurance = 30 min.

The stationary test cycle was conducted for a range of angles of attack and slip. The following
characteristics were the outcome of the five-component aerodynamic balance measurements (Figure 2a):
normal force coefficient CN = f(α), pitching moment coefficient Cm = f(α), side force (binormal force)
coefficient CY = f(β), and rolling moment coefficient Cl = f(β). A cycle of dynamic tests was conducted for
short-term oscillatory motions of the model for a range of angles of attack, slip and roll. The following
non-stationary characteristics were obtained based on these tests: CN = f(α), CLM = f(α), CY = f(β),
CLL = f(β), CLN = f(β), and CLL = f(γ). The time waveforms for the following characteristics were
also obtained: CN = f(t), CLM = f(t), CY = f(t), CLL = f(t), and CLN = f(t). Measured aerodynamic
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moment coefficients were related to reference points on the aerodynamic balance. Coefficients CLL,
CLM, and CLN are moment coefficients reduced to aerodynamic balance reference point [46].

A series of tests in the form of periodic, oscillatory changes to one of the angles defining the
spatial position of the MAV model were conducted in order to acquire data for the identification of
aerodynamic derivatives using artificial neural networks and the indicial function [10,18,28,36–41].
Selective, isolated motions within specific planes enabled obtaining data for the identification of
derivatives, while maintaining certainty that a change of aerodynamic coefficients was impacted by
displacement only within the assumed motion plane.

3.3. Similarity Criteria and Tests Setup

The basic similarity criteria in the course of aerodynamic tunnel tests are the Reynolds number,
Re; and the Strouhal number, Sr, as well as the reduced frequency, f. These numbers are defined by the
relationships:

Re =
VcA
ν

; Sr =
DΩ
V

; f =
ωcA
V

(7)

where:

Re Reynold’s number [-]
V flight speed [m/s]
cA mean aerodynamic chord [m]
cA kinematic viscosity [m2/s]
Sr Strouhal number [-]
D propeller diameter [m]
Ω propeller angular velocity [rpm]
f reduced frequency of micro-aircraft angular displacements
ω micro-aircraft manoeuvre angular velocity [1/s]

The starting point for selecting the values of similarity numbers in terms of planned water
tunnel experiments was the MAV mission profile [48]. The flight speeds, with particular attention to
the speeds similar to minimum speeds of tactical recon missions, were taken into account. In this
phase, a micro aerial vehicle is most susceptible to disturbance caused by atmospheric turbulence.
The Reynolds number for the assumed minimum operating flight speed V = 10 m

s is Re ≈ 135, 000,
whereby the aircraft, owing to large thrust surplus, is able to fly with a speed in the order of
V = 7.5 m/s (Re � 97,000) for short periods of time. In order to select the comparative criterion for
propeller operation, the rotational speed of an electric model engine Ω = 10,800 rpm. was adopted.
With the assumed propeller diameter of D = 0.15 [m], average aerodynamic chord cA = 0.306 m and
reconnaissance flight speed V = 10 m/s, the Strouhal number is: Sr = 2.52. The angular velocity of
micro aircraft manoeuvres was the next significant parameter in terms of planning non-stationary
experiments. Based on flight parameter records, it was estimated that the average manoeuvre angular
velocities were in the order of: p = q = r = 10.66 [1/s], which for the assumed reconnaissance flight
speed results in a micro-aircraft angular displacement reduced frequency value of f = 0.02. The ranges
for the probability numbers of planned experiments were specified based on the parameters determined
for an actual micro-aircraft [48].

Due to the limitations resulting from the limit load capacity of the aerodynamic scale, the velocity
of the water flow within the tunnel’s measuring space had to be reduced. Therefore, it was possible to
conduct tests with a speed corresponding to Re = 50,000. For comparative reasons, the tests were also
conducted for the second Reynolds number, Re = 28,000. The model intended for water tunnel testing
was equipped with a motor-driven electric propeller. The tests were conducted for three scenarios:

− “no-propulsion” configuration, i.e., with a stationary propeller hidden inside the wing gap;
− for the propeller rotational speed corresponding to the Strouhal numbers of Sr=1.374 and Sr=2.522.



Aerospace 2020, 7, 116 11 of 25

The outcome was a combination of six measurement cycles. The tests for both Re numbers were
conducted with deactivated propulsion and propeller inscribed within the aerofoil contour, with an
operation propulsion system.

Another similarity criterion for non-stationary tests was the reduced frequency of oscillatory
movements performed by the MAV model within the measuring space of the water tunnel. The tests
were conducted for both Re numbers and five angular velocities of the model induced by the bracket of
the scale (Figure 3). This resulted in a series of five reduced frequencies, different for both Re (Table 1).

Table 1. Reduced frequency values for both Re.

ω [rad/s] f for Re = 50,000 f for Re = 28,000

0.0087 0.0054 0.0099
0.0131 0.0081 0.0148
0.0174 0.0108 0.0197
0.0218 0.0134 0.0247
0.0262 0.0161 0.0296

Range of angles of attack for the stationary tests fell between: α ∈〈−90◦, 90◦〉. A series of tests was
conducted for non-stationary measurements, where the model would perform oscillatory movements
relative to a number of angles of attack: α = 5◦, 15◦, 25◦, 45◦, 55◦ and a motion amplitude of
∆α = ±5◦, which resulted in the total range of angles of attack for non-stationary tests in the range
of α ∈ 〈0◦, 60◦〉. Whereas stationary tests involving lateral characteristics were conducted for angles
of slip in the range of β ∈ 〈−25◦,+25◦〉. Non-stationary tests of asymmetric (lateral) characteristics
were conducted for the following angles of slip: β = −15◦,−7.5◦, 7.5◦, 15◦. The slip angle change
amplitude amounted to ∆β = ±10◦. Measurements of the lateral force and the yawing moment were
conducted for angles of attack in the range of: α ∈ 〈0◦, 60◦〉, with a step of ∆α = 10◦, and angles of slip:
β = −15◦,−7.5◦, 7.5◦, 15◦. The slip angle change amplitude was ∆β = ±10◦.

Due to the structure of the tensometric scale, only the rolling moment was measured within the
roll plane. A series of measurements with a set rolling angle γ = Φ = 0◦ and motion amplitude of
∆γ = ±5◦ was conducted. The determined angles of attack were identical to the ones for the tests in
the yaw plane.

4. Results from Water Tunnel Tests

A tensometric balance, as a research tool, enables an accurate measurement of five force components
and aerodynamic moments. The test results were obtained for three planes, namely, pitch, roll and yaw
(Figure 2a). In the course of the measurements, the reference point of the aerodynamic balance was at
~85% of the mean aerodynamic chord cA. In order to determine the coefficient values of aerodynamic
forces and moments, at 25% cA, the following relationships were used:

CZ = CN cos(α); CX = CN sin(α)
Cm = CLM −CN · x; Cn = CLN −CY · x

(8)

where: x—aerodynamic scale reference point distance from 25% mean aerodynamic chord cA (Figure 5).
A total of 750 measurements were designed and conducted, based on assumed values of similarity

criteria and assumed angular ranges. The results of the experiments were grouped and elaborated on
pursuant to the traditional division into motion planes. Stationary and non-stationary aerodynamic
characteristics were determined in the plane of the lift force coefficient CZ; the pitching moment
coefficient Cm; the lateral (binormal to aerodynamic balance axis) force coefficient CY; the yawing
moment coefficient Cn; and the rolling moment coefficient Cl. Sample results of a test cycle involving
an MAV model with a rotating propeller for Reynolds numbers Re = 28,000 and Re = 50,000, and the
Strouhal numbers Sr = 1.374 and Sr = 2.522 are shown in Figure 6. The CZ(α) characteristic has a
waveform typical for winged aircraft, with marked critical angle of attack αcr = 27◦ and a very gentle
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separation characteristic. It should be noted that the micro-aircraft is statically stable almost throughout
the entire range of angles of attack dCm

dα < 0. This proves the positive impact of a propeller located
in the wing gap on the MAV stabilization in a longitudinal channel. The static characteristic of the
pitching moment clearly shows the range of angles of attack α ∈ (21◦, 32◦), where the pitching moment
coefficient derivative is positive relative to the angle of attack.
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Sample measurements of dynamic characteristics are shown in Figure 6b,c. The aerodynamic
characteristics of the MAV, as a state variable function, was estimated based on the dynamic
measurement results. The indicial function method was used to conduct this estimation.

5. Identification of Aerodynamic Derivatives using Indicial Function

5.1. Indicial Function Theory

The general form of an aerodynamic model, which enables a very broad scope of application for
indicial functions, was described in the following papers: Tobak [10]; Tobak, Chapman, and Schiff [22];
Klein and Noderer [36,37]; Klein, Murphy, Curry, and J., Brandon [38]; Murphy, Klein, and Szyba [41];
and Murphy, Klein, and Frink [18]. The assumptions of the general model described in the cited
papers have several limitations. In the case of the model applied herein, the basic assumption is
the lack of micro-aircraft deformations (only the rigid body dynamics is taken into account) and the
assumption that air density, air viscosity and dynamic pressure do not fluctuate significantly (which
is acceptable in the case of an MAV flight characteristics). Assuming that the components of the
aerodynamic coefficient vector C = [CX, CY, CZ,Cl, Cm, Cn]

T are single-valued functions of the vector

of state ξ =
[
ξ1 ξ2

]T
, where ξ1 = [α, β,γ]T is the position vector and ξ2 = [p, q, r]T is the angular

velocity vector, then, pursuant to the assumptions described by Tobak Chapman, and Schiff [22],
the aerodynamic coefficient vector can be described using the following relationship [22,36]:

C = C(0) + Cξ1 [t− τ; ξ(τ)]T
dξ1(τ)

dτ
dτ+

l
V

∫ t

0
Cξ2 [t− τ, ξ(τ)]T

dξ2(τ)

dτ
dτ (9)

In the equation above, C(0) is the value of the aerodynamic coefficient for fixed initial conditions;
l is the characteristic length (l = cA or l = b/2); and Cξ1 = ∂C

∂ξ1
and Cξ2 = ∂C

∂ξ2
are indicial function vectors.

The components of vectors Cξ(t) are responses of the aerodynamic coefficient C to single jumps of the
ξ parameters.

Every indicial function can be described using equation:

Caξ j
(t− τ, ξ(τ)) = Caξ j

(∞, ξ(τ)) − Faξ j
(t− τ, ξ(τ)) (10)

where Caξ j
(∞, ξ(τ)) defines the change in the value of coefficient Ca along with parameter ξj, while the

other parameters of the model remain unchanged; whereas Faξ j
(t− τ, ξ(τ)) is a deficiency function,

which reaches zero for (t− τ)→∞ .
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After substituting (10) to (9) we get the relationship:

C(t) = C[∞; ξ1(τ), ξ2(τ)] −

∫ t

0
Faξ1

(t− τ; ξ1(τ), ξ2(τ))
T dξ1

dτ
dτ (11)

−

∫ t

0
Faξ2

(t− τ; ξ1(τ), ξ2(τ))
T dξ2

dτ
dτ

Assuming that the aerodynamic coefficient Ca is linearly dependent on angular velocities ξ2 and
expanding the Equation (13) into the Taylor series around point ξ = 0, we get an equation:

C(t) = C[∞; ξ1(t), 0] +
l
V
∂C
∂ξ2

[∞; ξ1(t), 0]Tξ2 −

∫ t

0
Faξ1

[t− τ; ξ1(τ), 0]T
dξ1

dτ
dτ (12)

by simplifying the notation, Equation (13) can be expressed as follows:

Ca(t) = Ca[∞;α(t), β(t),γ(t)] +
l
V

Cap (∞,α, β,γ)p(t) +
l
V

Caq (∞,α, β,γ)q(t)+
l
V

Car (∞,α, β,γ)r(t) (13)

−

t∫
0

Faα [t− τ;α(τ), β(τ),γ(τ)]
.
α(τ)dτ−

∫ t
0 Faα [t− τ;α(τ), β(τ),γ(τ)]

.
β(τ)dτ

−

∫ t
0 Faα [t− τ;α(τ), β(τ),γ(τ)]

.
γ(τ)dτ

where:

Cap =
∂Ca

∂(pb/2V)
Caq =

∂Ca

∂(qcA/V)
Car =

∂Ca

∂(rb/2V)

One of the possible forms of the deficiency function is described by the relationship:

F(t,α, β,γ) = h(t,α, β,γ) a(α, β,γ) = h(t, ξ1)a(ξ1)

h(t, ξ1) = exp(−b(ξ1))

F(t, ξ1) = a(ξ1)e−b(ξ1)
(14)

where a and b are the polynomials of parameters α, β, γ.
Substituting relationships (14) to the deficiency function, we get:

f(τ) =
∫ t

0
a(ξ1)e−b(ξ1)t dξ1(τ)

dτ
dτ (15)

Differentiating Equation (16) relative to time, we get:

df(τ)
dt

=
d

dτ

∫ t

0
a(ξ1) exp[−b(ξ1)t]

dξ1(τ)

dτ
dτ (16)

=
∫ t

0 (−b0)a(ξ1) exp[−b(ξ1)t]
dξ1(τ)

dτ dτ+ a(ξ1)
dξ1
dt

= (−b0)f(τ) + a(ξ1)
dξ1
dt

After applying the Laplace transform to Equation (16), we get:

f(s)s + b0f(s) = aξ1(s)s (17)

Hence, after the transformations we get:

f(s) =
as

s + b0
ξ1(s) (18)
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Based on Equations (9) and (11) under the simultaneous assumption that the deviations of state
coordinates from fixed conditions are minor, individual relationships of the aerodynamic coefficients
will adopt the form:

C(t) = Cξ1(∞)Tξ1(t) +
l
V

Cξ2(∞)Tξ2(t) − f(t) (19)

Because experimental data used to identify experimental derivatives were obtained for an
oscillatory motion with a single degree of freedom, it can be assumed that ξ2 =

.
ξ1, which means

dα
dt = q, dβ

dt = r, and dγ
dt = p. Substituting the above to Equation (19), we get:

C(t) = Cξ1(∞)Tξ1(t) +
l
V

Cξ2(∞)T dξ1(t)
dt

− f(t) (20)

The Laplace transform of Equation (20) has the form:

C(s) =
[
Cξ1(∞) − f(s) +

l
V

Cξ2(∞)s
]T

ξ1(s) (21)

Substituting Laplace transform of the deficiency function (17) to Equation (20), we get:

C(s) =


[
Cξ1(∞) +

l
V

Cξ2(∞)s
]T

−
as

s + b0
ξ1(s)

ξ1(s) (22)

After the transformations we get:

C(s)(s + b0) =


[

l
V

Cξ2(∞)s2 +
(
Cξ1(∞) + b0Cξ2(∞)

)
s + b0Cξ1(∞)

]T

− aξ1s

ξ1(s) (23)

MAV aerodynamic Equations (13) and (23), after linearization around the equilibrium position for
longitudinal characteristics Ca (a = X, Z, m), can be expressed in the following form:

Ca = Ca(0) +
∂Ca

∂α
α+

ca

V
∂Ca

∂q
q−

∫ t

0

∂Fa(t− τ)
∂α

.
α(τ)dτ (24)

= Ca(0) + Caα +
Ca

V
Caqq−

∫ t

0
Faα(t− τ)

.
α(τ)dτ

whereas for asymmetric characteristics in the form Ca (a = Y, l, n):

Ca = Ca(0) +
∂Ca
∂β β+

∂Ca
∂γ γ+

b
V
∂Ca
∂p p + b

V
∂Ca
∂r −

∫ t
0
∂Fa(t−τ)

∂β β(τ)dτ

−

∫ t
0
∂Fa(t−τ)
∂γ

.
γ(τ)

= Ca(0) +
∂Ca
∂β β+ Caγγ+

b
V Capp + b

V Car −
∫ t

0 Faβ(t− τ)
.
β(τ)dτ

−

∫ t
0 Faγ(t− τ)

.
γ(τ)dτ

(25)

In the equations above:
Faα = a1e−b1t Faβ = a2e−b2t Faγ = a3e−b3t

Equation (25) can be represented as a function of state parameters, by introducing the variable f through
a given relationship:

f (t) =
∫ t

0
e−b1(t−τ) .

α(τ)dτ (26)
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Applying the Leibniz integration rule, the linearized relationship of the aerodynamic coefficient as a
state parameter function takes the form:

d f (t)
dt

= −b1 f (t) +
dα(t)

dt
(27)

Ca(t) = Caα(∞)α(t) +
cA
V

Caq(∞)q(t) − f (t) (28)

In order to simplify the discussion, below can be found an analysis of a generalized aerodynamic
coefficient Ca. Instead of the coefficients a1, a2, a3, b1, b2, and b3, the deficiency function equations will
adopt the a parameter without subscript and the b1 parameter. Assuming that the data for parameter
estimation were obtained as a result of a conducted water tunnel oscillation test with a single degree of
freedom, it can be assumed that for the longitudinal characteristics, dα

dt = q. Then the Laplace transform
for Equation (28) takes the form:

Ca(s) =
[
Caα(∞) − f (s) +

cA
V

Caq(∞)s
]
α(s) (29)

Substituting relationship (29) to relationship (20), we get:

Ca(s) =
[
Caα(∞) −

as
s + b1

+
cA
V

Caq(∞)s
]
α(s) (30)

After algebraic transformations we get:

Ca(s)(s + b1) =
[cA

V
Caq(∞)s2 +

(
Caα(∞) − a + b1

cA
V

Caq(∞)
)
s + b1Caα(∞)

]
α(s) (31)

Four unknown values Caα(∞), Caq(∞), a, and b1 present in Equation (31) can be estimated based on

the time waveform measurements of parameters Ca(t), α(t), dα(t)
dt and q(t) obtained in the course of the

aerodynamic (or water) tunnel measurements. Equation (32) can be expressed as:

Ca(s) =
As2 + Bs + C

s + b1
α(s) (32)

or in a form similar to the transfer function of the aerodynamics model:

Ca(s)
α(s)

=
As2 + Bs + C

s + b1
(33)

where:
A = cA

V Caq(∞)

B = Caα(∞) − a + b1
cA
V Caq(∞)

C = b1Caα(∞)

(34)

5.2. Identification Method

A program developed in MATLAB, which utilizes the “System Identification Toolbox” and
“Neural Network Toolbox” functions, was used to identify the non-stationary characteristics and
aerodynamic derivatives. The measurement results were processed in a structured manner, ordering
the data in accordance with similarity criteria and model motion planes within the measuring space of
the tunnel and using the MS Office Excel package.

The parameters of the indicator function, described by transfer function (34), were determined
using an ARX dynamic structure.

y(t) = G(q)u(t) + H(q)e(t) (35)
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Equation (35) is a general linear description of a discrete and stationary system, where u(t) is the input
signal, y(t) is the output signal, and e(t) is a disturbance in the form of white noise. Functions G(q)
and H(q) are described by a sequence of parameters g(k), h(k).

G(q) =
∞∑

k=1

g(k)q−k (36)

H(q) = 1 +
∞∑

k=1

h(k)q−k (37)

The operator q−k describes backward shift of the signal: q−ku(t) = u(t− k). Parameters g(k) and h(k)
are approximated using estimation algorithms. The vector of estimated parameters is marked with a θ
symbol.

y(t) = G(q, θ)u(t) + H(q, θ)e(t) (38)

The aforementioned equation describes the class of models, the elements of which are defined by the
parameter vector θ.

y(t) + a1y(t− 1) + . . .+ ana y(t− na)

= b0u(t) + b1u(t− 1) + . . .+ anb y(t− nb) + e(t)
(39)

ARX model (40)—auto-regressive with an internal input is a general model describing the input-output
stochastic processes. The ARX model parameter vector is in the form:

θ =
[
a1, a2, . . . , ana b0, b1, b2, . . . , bnb

]
(40)

Next, we introduce differential polynomials A (41) and B (42) to Equation (39), which is described
by Equation (33), for which the functions G(q) and H(q) adopt the form:

A(q) = 1 + a1q−1 + a2q−2 + . . .+ anaq−na (41)

B(q) = 1 + b1q−1 + b2q−2 + . . .+ bnb q−nb (42)

G(q,θ) =
B(q)
A(q)

(43)

H(q,θ) =
1

A(q)
(44)

The term A(q)y(t) of Equations (39) and (40) is also called an auto-regressive term, whereas B(q)u(t)
is responsible for the exogenous input of the system. In a general case, when na = 0, the system output
is modelled as a filter with a finite indicial response (FIR).

The ARX model structure is described completely by three parameters:

1. na—number of pseudo-transmittance poles +1
2. nb—number of pseudo-transmittance zeros
3. nk—input signal delay

Pseudo transmittance described by the Equation (33) has three zeros nb= 3 and one pole na= 1,
except that the second element of the Apolynomial sequence a1 = 1. Due to the fact that the
aerodynamic parameter values also depend on the current status of the output signal u(t), and nk= 0.

The ARX model structure is generated in MATLAB by executing the arx function. This function
uses the least squares method for estimating the parameters. Target estimator function has the form:

µ =
∑n

i=1
(y(i) − f (ui,θ))

2 (45)



Aerospace 2020, 7, 116 18 of 25

In order to compare the indicator model identification quality, the software provides an
identification algorithm based on a four-layer neural network. The project has implemented a
feedfoward back-propagation network. The network training algorithm is Levenberg–Marquardt’s
back propagation. Each of the network layers has a bias. The parameters of the three hidden network
layers, i.e., number of neurons within a layer and the type of activation function are defined by the
user. The last output network layer has a single output, which corresponds to the system output.

The neural network is created in MATLAB by executing the newff function. At the start of the
procedure, the number of neurons for each network layer and their activation functions need to be
specified. The model is identified through executing the nlarx (nonlinear ARX model) method, with a
’Nonlinearity = neuralnet(net)’ parameter. When executing the nlarx function, one should also enter
the parameters of the ARX structure: na, nb, nk.

5.3. Results of Identifying MAV Aerodynamic Characteristics

Longitudinal and asymmetric aerodynamic characteristics of a micro-aircraft were identified based
on the tests conducted in the RHRC 2436 water tunnel. These tests were executed for two flow speeds,
which correspond to the Reynolds numbers of Re = 28,000 and Re = 50,000, and a broad range of angles
of attack and reduced frequencies of model oscillations within the water tunnel measuring space.
The tests included configurations of a micro-aircraft model with an immobile, hidden in the wing gap
propeller, (Strouhal number Sr = inf, “immobile propeller” in the figure description), and a rotating
propeller (Strouhal number Sr = 2.522, “rotating propeller” in the figure description). Figures 7–9 show
sample results of identifying the derivatives of the lift force CZ and pitching moment Cm coefficients
relative to the angle of attack α; the angular velocity of pitching; rate of changes in the angle of attack(
q + dα

dt

)
; and the reduced frequency f ; ∂CZ

∂(q+ dα
dt )

= Czq
∂Cm
∂α = Cmα and ∂Cm

∂(q+ dα
dt )
−Cmq . By tracking the

maps and waveforms of longitudinal aerodynamic derivative, we can notice that a micro-aircraft is
statically stable over a broad range of angles of attack and reduced pitching oscillation frequencies.
Only in the range of near-critical angles of attack we can observe areas with minor positive values of
the Cmα derivative, especially for higher reduced frequencies of the pitching oscillation. Based on maps
CZα, it can be seen that the critical angle of attack decreases with increasing reduced frequency value.
However, it is clearly visible that its value is higher, compared to the static characteristic. The pitching
moment coefficient derivatives relative to the angles of attack are negative practically throughout the
entire measurement range, at the same time indicating aircraft stability even for over-critical angles of
attack. This feature of an MAV enables its sudden manoeuvres, and primarily indicates high resistance
of this unmanned aerial vehicle to gusts of wind and atmospheric turbulence, which are the main
in-flight threat. The maps shown in Figures 7–9 depict both the derivatives for a smooth configuration,
without a running propulsion system, as well as with a rotating propeller. With a running propulsion
system, we can observe increased absolute value of longitudinal aerodynamic derivatives. Based on
the aerodynamic derivatives and characteristics identified with the Indicial function method, it can be
concluded that the “Bee” micro-aircraft is stable within the pitch plane, over a wide range of angles of
attack and reduced pitching oscillation frequencies, including within over-critical flight parameter
ranges. The propeller rotating within the wing gap positively impacts the lifting surfaces of the
micro-aircraft, improving its flight properties. This clearly indicates that the aerodynamic system of
a micro-aircraft with an aerofoil within a double-delta contour (leading-edge extension wing) and
a wing inscribed in the aerofoil contour is a very good engineering solution in terms of unmanned
aerial vehicles.
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Selected results of asymmetric estimations of MAV aerodynamic characteristics in the function
of the angle of attack and reduced frequency k are shown in Figures 10–14. The sign of the yawing
moment coefficient derivative relative to the angle of slip is particularly important in terms of assessing
the static directional stability of an aircraft. Derivative Cnβ is non-negative over a wide range of changes
in the angle of attack and reduced yawing oscillation frequency. Similarly, derivative Clγ is positive
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(Sr =∞) (left); dCl/dp Re = 50,000, ś rotating propeller (Sr = 2.52) (right).

In an attempt to evaluate the very course of the tests and derivative estimations, first of all,
one must mention the significant influence of accurately designing the experiment itself. A properly
optimized experiment enables obtaining data necessary to conduct the identification. Whereas, it is
important to predict the appropriate duration of the entire measurement cycle. The accuracy of
aerodynamic derivative identification utilizing the indicial function depends directly on the quantity
of data obtained via the experiment. When evaluating the identification method itself, one can notice
that the method developed for high-manoeuvrability combat aircraft can be directly applied in the case
of fixed-wing micro-aircraft. Identification accuracy depends on a properly conducted experiment.

Similar to the case of mapping the waveforms of non-stationary measurements, the accuracy of
mapping measured characteristics was determined also when identifying with the use of the Indicial
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function [49]. The graphs above show a summary of mapping accuracy for measurements Cz = f(α) for
both Reynolds numbers (Figure 15).
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Figure 15. Depicted accuracy of mapping waveforms of measured non-stationary characteristics for Re
= 28,000 (left) and Re = 50,000 (right).

Figures 16–19 show sample results of identifying time waveforms of aerodynamic coefficients and
the hystereses of these coefficients. These waveforms confirm good identification quality.
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Figure 16. Summary of identification results obtained with the indicial function for angles of attack
in the range of α = (0◦, 10◦); time waveform of the lift force coefficient (left); and lift force coefficient
hysteresis (right).
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6. Conclusions

The indicial function has been recognized as a tool for identifying the aerodynamic derivatives of
aircraft for year [18,36–41,50]. The results of the tests discussed in this paper indicated that this method
can also be successfully applied for the identification of micro-aircraft aerodynamic derivatives.

When comparing the results of derivative identification with the data from source literature,
it can be concluded that the phenomena known from the field of aerodynamics of high angles of
attack in fighter aircraft also occur in the case of aerodynamics under low Reynolds numbers. After
exceeding a certain angle of attack, usually close to the critical value αkr, the sign of the derivative
Cnβ changes. It can be interpreted that for a certain range of angular positions, the yawing moment
coefficient, instead of inducing a motion inverse to angular displacement, additionally increases them.
Figure 10 shows a change in the yawing moment derivative in the function of the angle of attack and
reduced yawing oscillation frequency of the aircraft. It can be observed that certain ranges of the
change in the angle of attack and reduced pitching frequency exhibit a change in the waveforms of
their derivatives. The conducted tests and identification allowed to prove good static and dynamic
stability of the MAV in the pitch plane, which is confirmed by in-flight tests of an actual micro aerial
vehicle. The results obtained in the course of micro-aircraft tests for other motion planes indicate that
it exhibits stability loss for certain values of angular velocities and positions. The phenomenon of
sudden oscillating rolling motions of an aircraft is known in publications as the “wing rock” [50,51].
These motions are often accompanied by oscillations within the yaw plane, which in the case of
a micro-aircraft conducting a reconnaissance flight, involving filming of a certain area, can be an
undesirable phenomenon. The nature of these vibrations and the susceptibility of a tensometric
balance resulted in the need to limit the test cycle in this motion plane due to the fear of damaging the
measuring device [47].

The formulation proposed in this article extends well-known aerodynamic theories, which are
limited to thin airfoils in incompressible flow, to strake wing planforms. Using results from dynamic
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water tunnel tests and indicial functions approach allowed to identify fixed wings micro drone
aerodynamic derivatives. The test’s program range was set at high angles of attack and a wide scope
of reduced frequencies of angular movements. Due to a built-in propeller, the model’s structure test
program was repeated for a turned-on propelled drive system. As a result of these studies, unsteady
aerodynamics characteristics and aerodynamic derivatives of the micro-aircraft were identified as
functions of state parameters. At the Warsaw University of Technology and the Air Force Institute of
Technology, a “Bee” fixed wings micro aerial vehicle with an innovative strake-wing outline and a
propeller placed in the wing gap was worked. This article is devoted to the problems of identification
of aerodynamic derivatives of this micro-aircraft. The result of this research was the identification
of the aerodynamic derivatives of the fixed wing MAV “Bee” as non-linear functions of the angle of
attack, and reduced frequency. The identification was carried out using the indicial function approach.
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