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Abstract. This article presents an analysis of a flight campaign using a small flexible wing UAV. The aircraft has a 4m
wingspan, an aspect ratio of 18.9, electric propulsion, and an acquisition system that permits studying the effects of
flexibility. Flights were performed to evaluate the behavior of the system concerning the data acquisition system, and
excitations were conducted to obtain responses for specific modes. To ensure precise time and amplitude control of the
inputs and to remove problems associated with manual execution, programmed maneuvers were used. Data compatibility
was verified using the flight path reconstruction (FPR) technique. The paper also discusses the effects of wing flexibility
on sensor measurements that do not aim to be related to flexible modes and operational aspects of the test flights. The
results of the FPR analysis showed that the recorded data is consistent and the evaluated biases, scale factors and time
delays obtained with the FRP were able to correlate the recorded data with the model, except for airspeed and angle of
attack, which were not well fitted with the classic rigid body kinematics. The system proved to be an effective platform for
studying flexible aircraft flight dynamics, and the established procedure to execute inputs and their respective recorded
response provided a solid foundation for further research using this platform, improving past campaigns that relied on
manual inputs.
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1. INTRODUCTION

Obtaining an accurate model for an aircraft is an essential step in the development of flight dynamics simulations,
control systems, failure analysis, and associated constraints, among other applications. The demand for precise modeling
of flexible aircraft dynamics has increased with the advent of large and energy-efficient aircraft (Deiler et al., 2023). In
recent decades, various mathematical formulations have emerged to represent aircraft’s flight dynamics. These method-
ologies differ in their fidelity to capturing the intricacies of flight physics, structural dynamics, aerodynamics, or their
interplay (Zuiiiga et al., 2020).

In this context, enhancing the model’s fidelity with aircraft physics can be achieved through the identification of
dynamic systems. This process involves retrieving information about the aircraft using operational data, which is obtained
during its flights. Research has already been conducted to estimate key parameters for both rigid and flexible aircraft
models through identification. These investigations have been carried out in both the time and frequency domains, with
the primary goal of estimating stability derivatives (de Paula et al., 2023), (Grauer and Boucher, 2020),(Deiler et al.,
2023). The utilization of these parameter estimation approaches consistently yields favorable outcomes in constructing
mathematical models.

The latest generation of aircraft often exhibits lower natural frequencies in their initial structural modes, which leads
to interactions with rigid-body responses, challenging the conventional separation between independent rigid-body flight
mechanics and structural motion (Deiler et al., 2023). Therefore, the identification of parameters for flexible aircraft
models increases in interest, and it has been accomplished through a combination of rigid-body and structural dynamics,
a concept proposed by Waszak and Schmidt (1988) and shown to be feasible using the output error model in the time
domain by Silva and Monnich (2012).

To advance with the system parameter identification of an aircraft, it is imperative to conduct experimental tests. This
article primarily focuses on the operational aspects of a flight campaign involving a small flexible-wing UAV while pre-
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senting results pertaining to the initial steps of parameter identification. As mentioned earlier, there are various compelling
reasons to explore flexible aircraft flight dynamics. The development of methodologies for analyzing flexible unmanned
small aircraft is particularly attractive due to their cost-effectiveness, versatility, and potential for specific applications.

2. FLIGHT TEST PLATFORM

The plane used in the study was a 4m wingspan UAV named EOLO, built to be used as a test platform regarding flexible
aircraft studies for the Laboratory of Aeronautical Systems (LSA) of the Aeronautics Institute of Technology (ITA). The
aircraft is shown in Fig. 1 and is based on the FT-100 Horus, a UAV developed and built by the FT Sistemas company,
designed to operate surveillance missions and military purposes. The main difference from the military commercial model
is a custom-made flexible composite wing. Table 1 summarizes the main parameters of EOLO.

Figure 1. Aircraft in the takeoff configuration.

Table 1. EOLO UAV main characteristics.

Parameter Value
Wing Area 0.85 m?
Wing Chord 0.23 m?
Wingspan 4.00 m
Wing Aspect Ratio 18.9
Total Length 1.89m
Total Mass 9.4 kg

2.1 Data acquisition system

The aircraft control and data acquisition system is based on a flight computer developed by the aircraft manufacturing
company. The computer receives the radio control inputs via a radio receiver, sends signals to actuate the servo motors
of the flight controls and has a telemetry link to a ground station. This system can be used in a closed loop, which
was not the case in this work. The computer relies on data acquired from an inertial measuring system (INS), which
provides accelerations and angular velocities, Euler angles, airspeed, anemometric altitude and GNSS data, among other
information. The military aircraft has other systems, that are not present in the flexible EOLO, but the flexible aircraft
also incorporates a secondary system to further obtain other important variables to the flexibility analysis.

This secondary system communicates and receives data from the primary system while also obtaining data from a
data boom, used to measure the angle of attack («) and angle of sideslip (/3). In addition to those sensors, the aeroelastic
acquisition system also has accelerometers and strain gauges, whose data can be used to identify the model including
the effects of the structure dynamics response during flight, as the sensor’s outputs are composed by the dynamics of the
rigid-body and the motion of the structure (Silva, 2018). Figure 2 presents the accelerometer and extensometer sensor
distribution in the aircraft body.

2.2 Radio control system and operation

The aircraft is always flown in line of sight and does not have a video transmission system. It has a radio transmitter
that the pilot uses to control the aircraft in pilot in control (PIC), also referred to as manual mode, and to switch between
PIC and computer in control (CIC), also named closed loop. This radio transmitter does not provide resources to program
inputs, so in PIC the pilot must manually generate all the controls using the sticks or a switch to change between predeter-
mined values, whose timed change is made by the pilot. However, like most commercial radio transmitters, it has a PPM
signal connector used to allow for trainer mode, which permits transmitting the inputs from another radio. So, to surpass
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Figure 2. Accelerometers and strain gauges position (Souza et al., 2023).

the limitation of manually executed inputs, aiming to give the system precisely timed inputs, an additional radio control
was used, this one allowing its output signal to be programmed via scripts. Those scripts are executed while a momentary
switch is held by the pilot allowing the radio control to perform the maneuver and send the signal to the first transmitter
(master).

All the maneuvers contain three steps, which are:

1. Maintain the inputs that trimmed the aircraft in the desired condition for a determined time.

2. Execute the predetermined maneuver.

3. Return the inputs that trimmed the aircraft before the maneuver begins for a determined time.
The sequence maneuver is coordinated between both pilots in the following manner:

1. First pilot flies the aircraft and trims it to the desired velocity and altitude to perform the maneuver using the master
radio. The ground personnel checks the desired values via the telemetry data.

2. When the aircraft is trimmed in the desired condition, the first pilot holds a momentary switch which allows the
second radio inputs to be sent to the aircraft.

3. While the first pilot holds the switch, the second pilot also activates and holds a momentary switch that executes
the maneuver sequence, as described before.

4. When the sequence ends, the first pilot releases the transfer switch and retrieves control of the aircraft. If the switch
of the master radio continues to be pressed, the second pilot can control the aircraft using his radio control sticks.

At any given moment the second pilot can act on the sticks of the slave radio to override the preconfigured inputs and
if the switch is released the commands return to the trimmed ones in the beginning. Furthermore, if the first pilot releases
the switch, the inputs are given to him independent of the ones on the second radio. Figure 3 summarizes the radios setup.

The main advantage to this approach is the fact that the operation can be done using two pilots, one focused on piloting
the aircraft during the flight and the other monitoring the instrument status and executing the programmed maneuvers,
which makes it easier to have better results regarding the execution and achieving trimmed conditions for different altitude
and speed. Besides that, the radio controllers used are the same type that the pilots are used to in general radio-controlled
aircraft operations. Furthermore, the proven and reliable radio control system of the full carbon fuselage aircraft does not
need to be changed. At the same time, new resources can be added using more modern flexible solutions.

Radio control of
Pilot 1 is the only
—

one that transmits , Slave Switch:
to the plane Master Switch: When active sends the
= When active transmits m PPM signal of the
the signal from pilot 2. If maneuver. If not active
not active transmits sends the PPM signal of

PILOT 1 signal from pilot 1. PILOT 2 stick position
PPM PPM

Figure 3. Radio control diagram.
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3. SYSTEM IDENTIFICATION

The Quad-M methodology was the foundation for constructing the flight test campaigns, deriving its name from four
key elements: maneuver, measurements, method, and model. Carefully planned maneuvers are needed to excite different
system modes, requiring sufficient energy in each of the frequencies of the desired modes. To record the system dynamics,
the measurements must provide highly accurate data for the selected variables. Finally, a suitable method must be chosen
to yield high-quality results, considering all the major aspects of the model and its dynamics (Jategaonkar, 2015). Ziiiga
(2019) developed the optimized inputs to study the EOLO dynamics, for the flexible and rigid body modes, which were
the maneuvers performed during the flight campaign.

The model employed in the identification procedure represents the flight dynamics of the aircraft and it must encom-
pass the effects of flexibility. Therefore, besides the typically executed rigid body vehicle identification, where stability
and control derivatives are the primary identification parameters, there are other parameters to account for regarding
flexibility and its effects (Silva, 2018).

In order to develop the identification in the time domain, the commonly used methods are the output error (OEM),
filter error (FEM) and equation error (Jategaonkar, 2015). A comparison was done by Silva (2018) about the application
of the FEM and the OEM to the identification of a flexible aircraft in the time domain, and the chosen method was the
OEM, as in relation to the FEM it can be used in data provided with different process noise characteristics, which might
occur as the campaigns can consist of many flights during the time span of various days. Furthermore, Silva (2018) stated
that the filter error using the Kalman filter or extended Kalman filter could have a good match even with critical modeling
errors, which will be evaluated by the method as process noise. This characteristic can bring difficulties in concluding
about a valid procedure of identification or the validation of the adopted model.

The method adopted in this work is the output error, a procedure applied to parameter identification systems that permit
the estimation of parameters by iteratively adjusting them in order to minimize a computed error between the computed
model responses using those parameters and the measured variables. This method can only deal with measurement noises,
not process noise (Jategaonkar, 2015).

Figure 4 and 5 show the diagram for both the 4-M method and the OEM.
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Figure 4. Quad-M methodology diagram (Jategaonkar, 2015).
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Figure 5. Output error method diagram (Jategaonkar, 2015).

3.1 Flight Path Reconstruction (FPR)

Accomplishing a confirmation of the agreement between the physical model and the data collected by the sensor
can be done with the flight path reconstruction (FPR). FPR is a data compatibility check used to validate the gathered
sensor data according to the system model and kinematics and can be used to obtain the systematic errors present in the
instrumentation (Jategaonkar, 2015).



27th ABCM International Congress of Mechanical Engineering (COBEM 2023)
December 4-8, 2023, Florianépolis, SC, Brazil

The Eq. 1 presents a generic model described by Jategaonkar (2015) for modeling a sensor accounting for the bias
(Ay), scale factor (/) and time delay (7) and was used in this work. The subscript ¢ refers to the corrected value, while
m refers to the recorded sensor data. The FRP permits obtaining those corrections for a given sensor. The time delay
might relate to the acquisition system and can originate from a timing mismatch between computed variables calculated
and communicated by different sensors or subsystems, as is the case of the EOLO that has more than one acquisition
system, but also to unsteady aerodynamics effects, for example.

yc(t) = Kyym(t - T) + Ay’ (1)

The physical model applied through this step was the rigid-body classical kinematics, using the assumption that the
inertial measurement unit (IMU), which is mounted in the fuselage central section, with increased rigidity when compared
with the other parts of the aircraft structure, while being placed close to the CG, will not be further influenced by the
flexible structural dynamics (Silva, 2018). The kinematics equations described by Jategaonkar (2015) are present in
Eq. 2. Those expressions permit the determination of the state variables with the IMU data of the aircraft, and do not have
any direct dependence on the aerodynamics variables measurements, as their contribution is related to the forces in X, y
and z axis that induce the accelerations, being those used to the FPR (Jategaonkar, 2015).

0= —qw + rv — gsin(8) + a$°,
0 = —ru + pw — gcos(h) sin(d) + agc,
W = —pv + qu — g cos(h) cos(¢) + aSC,
¢ = p + qsin(¢) tan(0) + r cos(¢) tan(), 2)
0 = qcos(h) — rsin(¢),
Y = (gsin(¢) + 7 cos(¢)) sec(8),
h = usin(f) — vsin(¢) cos(8) — w cos(f) cos(¢),
In Eq. 2, u, v and w are the velocities in the aircraft body axes, the Euler angles ¢ and 6 are the roll and pitch angles

in the aircraft body axes, and h is the height. The yaw angle (1), not present in the kinematics, as the x and y positions

are not being used, is described together with ¢ and 6 in Eq. 3. The a$'®, aS“ and aJ are the linear accelerations in the

center of gravity. The p, q and r are the rotational velocities around the bédy axis and can be computed as described in
Eq. 4.

(rb = k¢¢m - A¢a
0 = kg0,, — AD, (3)
Y = kytm — A,

p = kpprvu — Ap,
q = kqarmu — Ag, 4
r = krTIMU — A’I"7

As there are position offsets on the instrumentation system in relation to the center of gravity (CG), relative to the
body axis, they must be used in the FPR computations and are present in Tab. 2 for the EOLO UAV.

Table 2. Flight Instrumentation Offsets.

Instrument | x(m) y(@m) z(m)

IMU 0.010 0.000 0.012
o Vane 0.120 0400 -0.110
B Vane 0.059 0400 -0.110

Pitot tube 0.059 -0.400 -0.090

The calculation of the linear accelerations in the CG, accounting for the position offset of the IMU, the bias and
scale factors can be done using Eq. 5. If misalignment on an accelerometer system is present and not taken into account
previously in a laboratory calibration, the measurements in one axis would be influenced by values of the other axis



V. Fernandes, T. Paula, R. Nascimento, L. Gées, R. Silva and A. Souza.
Flight Campaign Analysis of a Flexible Wing UAV for Studying Flexible Aircraft Dynamics

and extended corrections must be made (Jategaonkar, 2015). The missing time derivatives p,q and 1 are obtained from
numerical differentiation from the angular rates p,q and r.

g = kawat™Y + (@ + r¥)zrvv — (pg — Py — (pr+ §)zinu — Aag,
agG = k:ayaéMU — (pq + P zrve — (P2 +r)yrve — (@r — D)zrvu — Aay, ®)
af = ko2a™Y — (pr+ Q)xrinw — (g7 + P)yrvv + (0° + ¢)zimw — Aas,

The computation of the local velocities in the pitot tube position can be done using Eq. 6. It is analogous for the u,,
Va, Wo and ug, vg, wg local velocities in a and 3 vanes positions, considering their respective offsets.

Upt = U — TYpt + GZpt,
Upt = U — PZpt + TTpg, (6)

Wpt = W — qTpt + PYpt,

The measurement values can be calculated as shown in Eq. 7. The subscript indicates a time shift in the variable, as
stated in Eq. 1.

Vin = v u2+v2+w2,

Qo = ko arctan(wg /g )r, + Aay,

Bm = kg arcsin(vg//uj +vj +w3)., + AB,

m = k¢¢‘r¢ - A¢v @)
00 = kobs, — NG,

’l/)m = kwwﬂp - Awa

hm = h7

All the information about the FPR, states, observations and parameters are present in Tab. 3 and Tab. 4.

Table 3. Flight path reconstruction information.

Category Variables

States u,v,w, ¢, 0,9, h

Inputs PIMU, GIMU, TIMU, G ag©  aY
Measurements V,a,B8,0,0,9,h

Table 4. Flight Path Reconstruction Correction Parameters.

Category Parameters

Biases Aay, Aay, Aa,, Ap, Ag, Ar, Ao, AB, Agp, AG, A
Scale Factors kazy kay, Kazy kp, kg ke, Koy kg, kg, Ko, ky
Time Delays Tas T8 Teps TO, Top

It was also assumed that the o and 3 vanes were fixed in a section of the aircraft that does not have deflections that
could lead to a big influence of the flexible dynamics in the measurements, so those variables would be only related to the
rigid body dynamics.

All the data analysis was developed in Matlab, and the FPR was executed based on software formulation provided by
Jategaonkar (2015).

4. FLIGHT DATA, FPR AND IDENTIFICATION RESULTS

EOLO has been flown through flight campaigns that involve the necessary steps for flight identification, following
maneuvers and ensuring that the data acquisition could measure all the required variables. The first campaign was executed
when the plane did not have aerodynamic vanes installed, then the vanes were installed and the aircraft flew for a second
campaign. The results from the data analysis have shown that improvements in the execution of the maneuvers were
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needed. The third flight campaign consisted of four flights, and the main purpose was to improve the maneuvers execution,
with the new slave radio strategy. The flights were planned to be executed in stable and calm atmospheric conditions,
aiming not to be influenced by wind, gusts or turbulence, as the OEM does not account for process noise. During the
flights, 34 maneuvers were executed according to the planned inputs. Following the flights, the FPR analysis has been
executed, to ensure the basis for the following steps.

4.1 Maneuvers execution

In order to evaluate the three different maneuver execution strategies, inputs were given using the radio sticks, a
three-position switch and the programmed maneuvers.

Figure 6 shows a stick executed elevator doublet, and it can be seen that this execution has not produced the character-
istic steps of the doublet, also being asymmetric. Another side effect was the presence of deflections of the other control
surfaces. For the elevator deflection shown in the figure, as the radio control has the input of the elevator and ailerons on
the same stick, there are deflections of the ailerons, which might induce coupled dynamics to the lateral-directional modes
and flexible modes that are not related directly to the longitudinal dynamics.

For the usage of the three position switch to execute a doublet input, it can be seen in Fig. 7 that there are no more
deflections of the other control surfaces, as the pilot executed then hands off, only changing the switch position, but the
period of the maneuver was not precise and consistent between different segments.

The programmed maneuvers, however, have been able to achieve the desired deflections and periods, but they were
not symmetric, due to an error in the amplitude programmed in the scripts, as can be seen in Fig. 8. It can also be seen
that the other surfaces were not neutral. However, those errors were noticed and fixed.

Elevator Doublet Input [°]

10 —Right Aileron
0 e e—— —Left Aileron -
10 ': \—\ / Rudder
20 { —Elevalor
0 0.5 1 15 2 25

Figure 6. Manual Inputs using Sticks.

2 Elevator Doublet Input - Switch [°]
\ — Right Aileron
0 j —Left Aileron
20 | Rudder
0 05 1 15 2 —Bevalor )5
Time [s]

Figure 7. Manual Inputs using Switch.

Rudder 1-2-1 Input - Programmed [°]

20 l ——Right Aileron|
Left Aileron L
Rudder

—Elevator 35

0
20|

Time [s]

Figure 8. Programmed Input.

4.2 Gathered data and FPR results

For the identification procedure, an overview of the gathered data was done, and with the exception of the extensome-
ters, whose data was contaminated with spikes, the other sensors produced clean signals. The extensometer data will not
be used for the FPR analysis, but it is valuable to the model identification accounting for the flexible effects and further
analysis must be conducted in the treatment of this signal and the evaluation of the instrumentation system for obtaining
a better signal.

To perform the FPR, nine flight segments with lateral-directional and longitudinal excitations performed have been
used. Figure 9 shows plots of the airspeed, «, 3, Euler’s angles, and altitude from the measured flight data and the FPR
considering the identified correction factors.

For the attitude variables, it can be seen a good fit between the measured and the reconstructed data, enforcing the
assumptions made regarding the IMU data having low influence by the flexibility effects of the airframe. However, the
airspeed and angle of attack values do not show a great fitting, even with the estimated correction factors. Furthermore, it
was noted during the test flights and the handling of the aircraft that the mounting section of the o and /3 vanes is subjected
to structural deformations during flight, and the classical rigid body kinematics used does not account for those influences,
which were though not relevant.
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Figure 9. FPR reconstructed data comparison with measured data.

As the aircraft data system has another velocity information, to better evaluate the airspeed of the identified model and
its correlation to reality, the velocity measurement of the GNSS system was also compared, which is shown in Fig. 10.
It can be seen that the identified model does show an agreement with the GNSS velocity, even though there are errors
in some segments, that could be related to imprecision of the measurements and wind influence, as it is important to be
explicit that the recorded GNSS speed is not an airspeed, so it was used just as a reference. The GNSS velocity does
not clearly depend on « and f3, as can be seen in the airspeed measurement. This further indicates to use a better-suited
model, including corrections for the structural dynamics and angle of attack and sideslip values, as the airspeed does show
dependence on « and . It is also important to ensure that the flights are not executed in wind presence or with a turbulent
atmosphere, as the OEM does not account for that. Besides that, it can be seen from both speed measurements that the
model is more related to the VIAS, but it still presents a worse fit than other states.

V (m/s)

——Measured Airspeed
——Estimated

f:\s/‘\‘vww,%/ W”&@/ e v

10 I 1 L Measured GNSS
0 5 10 15 20 25 30 35 40

Time [s]

Figure 10. Reconstructed airspeed in comparison with measured data from airspeed and GNSS velocity.

Furthermore, it was also noticed that the trim condition was not met in all the maneuvers. Figure 11 presents an
example of a longitudinal dynamics excitation maneuver that started with a banking angle ¢ of almost 10°. The condition
for starting the maneuver sequence for the aircraft studied depends on the judgment of the pilot regarding a trimmed start
condition and this must be considered in the identification process, as the maneuvers must be checked for the aircraft
condition to be in accordance with the expected.

v )
8888 230388
I J - —

4 BN i
T 20
“ ok 1
ot |
4k ! i
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Time in seconds

Figure 11. Maneuver executed starting from a non trimmed flight condition.
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Finally, it was possible to see improvements over the previously developed works regarding the FPR of the EOLO, and
the biggest difference between the reconstructed and measured variables on those were also related to the aerodynamic
variables and the anemometric system (Souza et al., 2023). This improvement, obtained by better correction factors,
provides more consistent data for the next steps in the identification procedure. However, it is still necessary to improve
the results for (o) and airspeed measurements, which means that further development of the aircraft model and refine-
ments over the identification procedure must be done, leading to extended data analysis and the possibility of additional
flight campaigns. Another possible approach is to change the position of the angle vanes and pitot tube to provide data
with less influence of the aircraft flexibility. Silva (2018) used formulations including the dynamic and static pressure
measurements from the anemometric system to achieve a better model for the airspeed calculation accounting for the
« and [ influence on the pressure measurements, which might provide better results if used with EOLO. One can also
analyze synthetically generated v and /3 values, as another approach to better evaluate those variables. Besides that, the
instrumentation system must be inspected and the data produced by the extensometers revised, as it is useful to the next
steps of the work expected with this aircraft, the identification of the flexible dynamics model using the flexible aircraft
model proposed by Waszak and Schmidt (1988).

5. CONCLUSION

This paper presents the latest findings of a study that utilizes the EOLO UAV to investigate flight dynamics and pa-
rameter identification techniques for flexible aircraft. The research was prompted by the need, as indicated by previous
results, to obtain more concise data to apply the 4M method. The main obstacle to achieving accurate results was the im-
precise inputs that failed to stimulate the aircraft’s modes during proposed maneuvers adequately. The forthcoming stages
aim to enhance the model by increasing its complexity and including excitations for all relevant modes, so addressing
this limitation became essential. To address these challenges, it was proposed to automate the execution of maneuvers
and two pilots to conduct the flights. The results demonstrate a significant improvement in maneuver execution and a
closer alignment between the Flight Path Recorder (FPR) and the recorded data. This improvement can be attributed to
enhanced inputs and the incorporation of additional correction factors. As a consequence, the fidelity of the reconstructed
responses has been increased, which permits better data for the subsequent identification steps.
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