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Abstract: This paper discusses the means of checking and improving the quality of flight-recorded data during the flight
test campaign of the unmanned aircraft system (UAS) called Eolo. The UAS has a high aspect ratio and structural flex-
ibility, designed to study aeroelastic phenomena and evaluate the interaction of the structural flexibility effects with the
flight dynamics of the aircraft. To quantify the instrumentation errors and to correct the measured data from the sensors,
a Flight Path Reconstruction (FPR) has been developed. The FPR is based on estimating the sensor error parameters
using the aircraft kinematic equations and inertial measurement unit (INS/GNSS) readings as inputs. Furthermore, the
initial conditions can be obtained from smoothed measurements at the initial time. This paper describes the flight test
procedure used to obtain the flight data, design the FRP and perform the data analyses in order to obtain the most
accurate flight data for the identification process. The paper is based on part of an ongoing research project.
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1 INTRODUCTION

The data collected in flight tests need to be accurate to guarantee the numerical representation of the observed dynamics
and kinematic consistency of the aircraft flight. The application of data compatibility checks to determine the scale and
bias of the flight sensors is necessary before further parameter identification studies can be realized ”de Oliveira Silva
(2011)”. The data compatibility check is a procedure that has the objective to quantify the instrumentation errors and
correct the measured data for systematic errors like scale factor, zero shift biases, and time lags.

The analytical modeling of aircraft aerodynamic parameters is too complex, and not complete enough to represent
all the real system disturbances, and to complete the real aircraft model accurately it is necessary to make experimental
modeling using inverse problem with real flight data ”’?”. Experimental aircraft modeling consists to construct a prototype,
make flight tests with specific inputs, and accurately observe the dynamic responses of the system. These responses are
registered and compared with simulated data of the aircraft model, to effectively validate the model with real flight data.
The model parameters are determined by an identification procedure. In this process, it is necessary to have accurate
measurements of aircraft response. Using the validated measurement data and analytical models in an optimization
method is possible to estimate the unknown parameters ’de Oliveira Silva and Ménnich (2012)”. For this procedure is
important that the measurement data is properly verified and corrected “Barbosa and Gées (2018)”.

Before the realization of the aircraft identification process, it is important to assure the trustworthiness of the mea-
surement given by the flight sensors, because these measurement data are susceptible to many different interfering and
modifying effects, and if not correctly accounted for, can destabilize the system response when it is inside a closed-loop
system “Martinez et al. (2020)”, ”De Silva et al. (2010)”, ”Theis et al. (2015)”.

A common procedure to improve measurement accuracy is the “data compatibility check”, a method to reconstruct
the flight path (FPR) using the onboard sensor data as inputs to the nonlinear aircraft kinematic equations. The integration
of the nonlinear state space equations describing the aircraft kinematic equations, to obtain the vector of observed outputs
attitude allows for the verification of consistency between the observed and predicted output variables Dias (2014). The
procedure can also be used to estimate the error model of the sensors, such as the systematic errors of the sensors, bias
drift, and scale factors.

The paper proposes to describe the flight test procedure used to obtain the flight data, implement the FRP and make
the data analyses in a way to improve the accuracy of flight data for the posterior aerodynamic parameters identification
procedure.

The UAS has its properties and particularities described in the first part of this paper. The next part shows the FPR
procedure that includes the mathematical equations that represent the kinematic movement of the UAS. A brief comment
on the in-flight test design (The design procedure is further detailed in Ziiiga et al. (2019a)) and the flight test execution,
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in the data flight section. In the next section, the output error method (OEM) is described with the purpose to estimate
some states and the biases, and the scale factor. The following section presents the computational analysis and simulations.
The last section presents the conclusion of this study with some future work proposals for this research.

Eolo - UAS

The Eolo UAS was developed by Flight Technologies and ACS Aviation Solutions, with the aim to study experimental
aeroelastic instabilities as well as the observation of linear and/or nonlinear elastic effects in flight dynamics Souza et al.
(2019).

The mass proprieties and the geometry characteristic are expressed in Table (1). The mass proprieties were validated
in the measurement of mass proprieties laboratory at the Institute of Aeronautics and Space (IAE). The body of the Eolo
was fabricated with expanded polystyrene foam and coated with carbon, for the wing structure has a main stringer with
layers and fibreglass and expanded PVC Ziiiiga et al. (2019b) Souza et al. (2019).

1.1

Table 1 — Geometry and mass parameters.

Parameters Symbol Values
Wing area S 0.85 m*
Wing mean chord ¢ 0.23 m
Wing span b 4.00 m
Aspect ratio 18.90
Fuselage length 1.89 m
Wing mass ny, 2.00 kg
Total mass my 8.87 kg
X Inertial moment I 2.53kg m?
Y Inertial moment L, 1.60 kg m?
Z Inertial moment I, 3.96 kg m?

The Eolo UAS has a specialized data acquisition system composed of internal and external sensors. The internal sensor
is an inertial measurement unit (IMU) mounted on the CG of the UAS and the external sensors are: 19 accelerometers
(ADLX345 with 16 g range, a bandwidth of 1600 Hz) distributed along the wing, in the fuselage it has 2 accelerometers
(ADLX345 with 16 g range, a bandwidth of 1600 Hz), in the tail more 4 accelerometers (ADLX345 with 16 g range,
a bandwidth of 1600 Hz), three linear strain gauges (CEA-06-250UR-350) positioned at the left side of the wing and a
strain gauge rosette (CEA-06-125UW-350) near to the root of left semi-wing, a GNSS, a pitot tube and Alpha-Beta Vane.
The position of each sensor is shown in Figure (1).
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Figure 1 — External sensors positions.

2 FLIGHT RECONSTRUCTION PATH (FPR)

The Flight Reconstruction Path (FPR) is a way to verify the data collected by the sensors de Oliveira Silva (2011). The
interpretation of the results of the FPR has an important role in the Data Compatibility Check because with this procedure
is possible to extract important information about the sensors like systematic errors, quality of the signal etc.

The procedure of the FPR is exactly what its name says, is reconstruct the flight path using the data collected by the
sensors, in special by the inertial sensors de Oliveira Silva (2011). Then to make the FPR is necessary to propagate the
kinematic equations using the sensors data and estimate the bias of the sensors and the Euler angles (8, ¢ and y).
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2.1 Mathematical Model

For the FPR is necessary the kinematic model of the UAS and the equations that describe angles of attack o and
sideslip B, the true airspeed V, and dynamic pressure g.
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Figure 2 — System of references in the inertial referential frame, body-fixed axes and wind axes.

Figure (2), shows the reference systems that were adopted.

The kinematic model is derived from the equations of the translational motion of an aircraft. In the first case, it is
assumed that the UAS is a rigid body Martinez et al. (2020) Souza et al. (2019) then the translational equations in the
body-fixed axes system with origin in the gravity centre are given by:

m(it+qw — rv) + mgsin(0) =
m(v+ru— pw)+mgcos(0)sin(¢)
m(Ww+ pv — qu) +mgcos(6)cos(¢)

(1)

I
!:11 V?j ;E

where F,, F, and F; are the aerodynamic and thrust forces and ¢, 6 denote the roll and pitch angles.

The Eq. (1) can be rewrite in function of the axial acceleration a,, ay and a; Souza et al. (2019) Waszak and Schmidt
(1988),

W= ay—qw+rv—gsin(0)
V= ay—ru+pw+gcos(0)sin(¢) (2)
W= a,— pv+qu+gcos(0)cos(¢)

The rotation kinematic de Oliveira Silva and Moénnich (2012) Pfifer and Danowsky (2016) Souza et al. (2019) in
function of the Euler angles ¢, 6 and y to the body-fixed rotations rates p, ¢ and r is given by:

6 = gcos(¢) —rsin(¢)
¢ = p-+gsin(¢)tan(8) + rcos(phi)tan(0) 3)
= gsin(¢)sec(0) + rcos(¢)sec(0)

The position kinematics,

xg = ucos(y)cos(0)+v(cos(y)sin(0)sin(¢) — sin(y) cos(¢)) +w (cos(y) sin(6) cos(¢) + sin(y) sin(¢))
ye = usin(y)cos(0) + v (sin(y)sin(0) sin(@) + cos(y) cos(¢)) +w (sin(0) sin(y) cos(¢) — cos(y)sin(9))  (4)
h= usin(8) —vcos(8)sin(¢) —wcos(8)cos(9)
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The Eq. (1) - (4) are the complete set of the kinematic non-linear relationship. However, just altitude % is used, because
is the only position state that has any bearing on the aircraft stability and control (because air density varies with altitude),
so the kinematics equations associated with xg and yg are generally not used.

With the kinematic defined it is fairly straightforward to derive other variables Gomes Pereira Sarmento et al. (2019),
angles of attack a and sideslip 3, the true airspeed V and dynamic pressure §.

o= tan”! (%)
g ;)

where the angles of attack a and sideslip 3, are express in function of the translational speeds u, v, w and the true
airspeed V.

(&)

V= /(U2 +v2+w?) (6)
The true airspeed V, written in the function of the transnationals speeds u, v, w.
j= 2pV? ™
q= 2P

in Eq. (7) for the dynamic pressure g, it is admitted the air density p may be assumed constant if the variations in altitude
during the test maneuver are small and can be obtained from standard atmosphere tables.

3 FLIGHT TEST

The flight test was realized in September 2020. The flight test was executed with a series of maneuvers with the purpose
to excite the flexible modes of the UAS. To do that, it is necessary to input a specific perturbation in the equilibrium
position, this perturbation is given by a fast input command (impulse) at the control surface, for example, if is desired to
excite the longitudinal flexible modes, is just input a fast command (impulse) in the elevator when the aircraft is in an
equilibrium position. This quick command has a minimum finite duration of Az, in the sense of creating an impulse sign
like shown in Figure (3). Then for a better excitation is possible to use a multi-step signal.

At

At 2At At

Figure 3 — Inputs signals: pulse, doublet and multistep3—2—1—1.

The multi-step signal can be synthesized by a sequential combination of impulse inputs. For this type of signal have
the power spectrum given by Zuiniga et al. (2019a):

1 —cos(Q)

E(0) = 202 — 222

N N-1 N—j
Y VA+2Y cos(jQ) Y Viviu; ®)
i=1 j=1 i=1
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where QQ = @At is the normalized frequency, T = NAt the total time of the input signal, considering N impulses each of
configuration At, and V; is the amplitude for the current impulse, the Fig.4 illustrate this equation for four types of inputs:
pulse, multi-step 3 —2 — 1 — 1 and modified multi-step 3 —2 —1—1.
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Figure 4 — Spectrum of the different input.Zuiiga et al. (2019a)

The At can be obtained by the expressions for a Doublet (two impulses on opposite sides).

23
Atgoupter = Fn )]
for the multistep 3 —2 — 1 — 1 existed two possibilities:
1.6 2.1
At = — (b)Ar = — 10
(a) Atzo11q o, (b) A1 o, (10)

in the Eq. (9) and 10 (a,b) w, is the natural frequency. In a way to excite a specific frequency is possible to use the relation
Zuhiga et al. (2019a):

0.3
A1‘32]1.917: T (11)
c

where f; is the desired frequency to be excited.

In the article Castillo et al. (2019) Zudiga et al. (2019a) it was deduced the Az for a set of flexible modes.

3.1 Data Flight

Due to some technical issues, is very difficult for the pilot to give these inputs in the radio controller available. Then,
the maneuvers were done by having a set with Az = 0.5 s and another set with a non-measured At but, done faster than the
pilot can do.

A camera was installed in the wing of the UAS with the objective to film the flexibility of the wing during the flight
test.
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Figure 5 — Two different frames, the upper picture is an equilibrium position and above a flexible excitation.

Figure (5) shows an equilibrium condition (upper) and a flexible deformation of the semi-wing.

It was realized two flights with a duration of 30 minutes each. On the day of tests, it was sunny, but with gusts of
wind, for that, the UAS was all the time in a pilot-in-the-loop condition. The maneuvers were made in a sequence of 3
sets of 3-2-1-1 input, with a At equals a 0.5 s for every one control surface and 3 sets with the same strategy but, with an
undetermined Az (based on the more fast input that can be possible by the pilot).

For this study was select a time set of 60 s this time set has three doublets input in the elevator and a right turn.

Figure (6) shows the data record used for this study. The variables ploted are: V airspeed measured by the Pitot tube

in m/s, the Euler’s angle (6, ¢ and y) measured in deg, the rotational velocities (p, g and r) measured in deg/s and the

accelerations (ax, ay and az) measured in m/ $2.

Time (s) Time (s)

Figure 6 — Data set for the FPR
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4 OUTPUT ERROR METHOD (OEM)

Since the effects of flight configuration under operating conditions cannot be tested realistically in a laboratory, cal-
ibration from flight data is necessary to eliminate the errors. A way to make a correction in the measurement data is
admitting a simple sensor model in terms of scale factor, bias, and time delay, for any general measurement variable y,,
Hamel and Jategaonkar (1996), which can be expressed as:

Ym = Fy(t—1)+Ay (12)

where 7 is the time delay in the recorded signal, Ay the unknown instrument bias and Fj is calibration factor Hamel and
Jategaonkar (1996). The instrument error is considered constant over all the recorded data. The sensor model given in Eq.
(12) can be applied to input and output variables.

For the FPR and consequently for the data compatibility check is necessary to make the estimation of the bias and
factor scale of the output variables. The estimation process is made using the output error method (OEM) Hamel and
Jategaonkar (1996).

In this class of output error methods, the model parameters are adjusted iteratively to minimize the error between the
measured variables (system output) and the estimated responses (predicted measures of the nonlinear model), Kamali and
Ozger (2019) Souza et al. (2018) for this ratio it is enough to minimize the maximum likelihood function so that:

0= arg {mgxln(p(d@))} (13)

Admitting © as the parameters vector and z = [z1 ,22, ..., zn] the set of observations and p the probability of z such
that ® occurred.The likelihood function can be defined as conditional probability density p(z(t1), ...,z(tx)|®,R) with n,
measured from a vector with N points sampled for a given parameter vector ®, with the covariance error measure matrix
R Souza et al. (2018) Hamel and Jategaonkar (1996). The conditional probability density of the measurements #; is given
by:

Ple(t)|®, R = x exp | 3 2) ~ ()Y R (xln) ~ (1)} (14)

(2n ”>/2\/|R

y is the measured vector (model output - model output). Having the error v(#;) = z(t;) — y(#;) at different time moments
should be statically independent.

From the equation Eq. (14) we can immediately calculate the maximum likelihood estimates of the unknown param-
eters ® and the covariance matrix of the measurement noise R, establishing the first derivatives in relation to each of
them and equaling them to zero. However, an equivalent and more practical solution to the optimization problem is the
minimization of L(z|®, R) is the use of the negative logarithm of the likelihood function Hamel and Jategaonkar (1996).

Nny

5 In(2m) (15)

N
J(®, R) = L(2|®, R) = ;g: TR [2(8) ymn+%muam»+
=1

The result of the d(Inp)/d® = 1/p-dp/d® differs ensures that the log derivative of p is zero when dp/d® is zero
and thus produces the same results Hamel and Jategaonkar (1996). The last term in Eq. (15) is a constant and therefore
neglected in optimization without affecting the results. The cost function can be written as:

J(0, R) = [2(tx) = y(60)] R~ z(te) — y(1x)] (16)

M=

1
25

That simplification brings a discussion about the covariance matrix R. If the matrix R is known, then the optimization
resumes a least square problem, but if the matrix R are unknown the optimization of Eq. (16) leads to a new cost function,

J@:%mmw)%J@:wm) (17)
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Now the optimization problem that consists of finding ® that minimizes J(®), for this is possible use different methods,
for this is possible to use different methods, for this problem it was used the Gauss-Newton optimization algorithm Hamel
and Jategaonkar (1996).

5 COMPUTATIONAL RESULTS AND BIAS ESTIMATION

Using the kinematics equations shown in the previous section 2.1 and the OEM approach presented in section 4, a
computational MatLab software is developed to propagate the kinematic equations and estimate the bias and the scale
factor of the anemometer.

For the input variables p, g and r and ay, a, and a, are measured by the inertial sensors in board and they are shown in
Figure (6), now the other three variables p, ¢ and 7 are calculated using a numerical differential procedure using the data
of p,qgand r.

# (deg/s?)
o

Time (s)

Figure 7 — Calculated p, ¢ and 7

Figure (7) the calculated variables P, Q and R are presented. For this set of calculated data, it is considered whit no
systematic error.

Then the output variables are integrated, and they are the Euler angles (0, ¢ and y), angles of attack and sideslip (&
and f3), the airspeed and altitude ().
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200

100~
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Figure 8 — Euler angles measured x propagate
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Figure(8) shows the three Euler angles (6, ¢ and y), the line red is the propagate states and the blue line is the measured
states. Looking at the first 10 s, exists a good match of the data. The importance of the firsts 10 s is done because is in
this interval that occurs the three sequences of elevator doublet.

20

«in (deg)

o
T

Ain (deg)

Figure 9 — Angles of Attack and sideslip measured x propagate

Now, Figure (9) shows the angle of attack (AOA - &) and sideslip (AOS - ), the red line is the propagate states and
the blue line is the measured states. Again looking for the first 10 s, the estimated AOA does not have a good match with
the measured one, but they have a synchronous reaction to the moving parts, whereas the AOS does not have any match
between the two curves. These results indicate that this set of data is only going to be useful for a longitudinal dynamic
identification.

Figure 10 — Altitude and airspeed measured x propagate

Figure (10) shows the airspeed and altitude are propagated. The red line is the propagated answer and the blue line is
the measured data. The airspeed (V') in the estimated case doesn’t converge to the real measurement and for altitude (h),
in the 10 s first seconds the estimated curve follows the same comportment to the measure estimated

This data set propagated is shown in the Figures (8) - (10) also includes a bias correction and a doesn’t factor.
Figure (11) shows the estimated bias for the state variables p, ¢, r and ay, ay, a; in function of the iteration number.

The results given by this analysis indicate (for this data set) useful sensors in the longitudinal axes (around the xz
plane, in the body reference) have better accuracy than that in the lateral-directional axes.
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Figure 11 — Bias of the states p, ¢, r and a,, ay, a;

For this data compatibility, one can conclude that this data set, is possible to be used for a longitudinal identification
process.

6 CONCLUSION

This paper is based on a part of ongoing research with the proposition of these study the influence of the flexibility
dynamics in the Eolo configurations and identifying the aerodynamic derivatives, of this UAS.

This paper showed a compatibility check, that consists to make the FRP of the flight data and estimate the angular
and wind variables. This procedure it was showed the flight test campaign, the mathematical equations for the kinematic
movement, and the state estimate using the OEM.

The results of the computational analysis permit us to estimate the rotational states, speeds, and altitude. It seems that
the first assumption made in the kinematic equations was violated due, probably, to the wing flexibility, by the other side
if these assumptions are not made is not possible to execute the FRP, useful aerodynamics forces present in Eq. (1) has
his parameters are unknown.

Exist numerical methods to estimate these aerodynamic parameters, but if don’t realize the study admits a rigid system
is not possible to understand how this dynamic acts in the system and if the sensors measurements are correct by a model
pre-defined when the data is used in an identification process, naturally the systems go converge to this pre-defined model,
and that no guarantees that these values equal to the real values.

The longitudinal identification was made a new study, in a sense of data compatibility check, can be executed with the
proposes to investigate the influence of the wing flexibility in the lateral-directional aerodynamic and a more robust wind
estimation can be integrated into the system for the FPR.
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