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INTRODUCTION ITA - FINEP/VINNOVA PROJECT

This paper resumes preliminary results
of the FINEP/VINNOVA project "Sensing,
Acquisition, and Identification of Flight
Dynamic Systems of Sub-Scale Aircraft

Prototypes.”

This project aims to develop

methodology for flight testing of remotely

piloted aircraft (ARP), as demonstrators of
subscale aeronautical concepts. In
particular to develop inflight aeroelastic
tests of flexible wing aircraft, and subscale

aircraft operating at high angle attack.
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THE EOLO UAYV - instrumentation
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Table 1 — Geometry and mass Parameters

Parameters Symbol Values
Wing area 5 0.85 m-
Wing chord ¢ 0.23 m
Wing span b 4.00 m
Aspect ratio 19
Fuselage length 1.89 m
Wing mass My 2kg

total mass ny O kg

Table 2 — Charactenstics of the main lifung surfaces of EOLO.

Wing Horizontal Stabilizer  Vertical Stabilizer
Span 4 m 0.70 m 0.30 m
Root chord 0.32m 0.22m 0.16m
Tip Chord 0.10 m 0.22m 0.16m
Aspect ratio 18.91 3.68 0.72
Taper ratio 0.31 0.72 0.82
Profile 52091-101-83 NACA 0012 NACA 0012




THE EOLO UAV - general overview

l SFI
Discrete 10 PCM
R nterface mode g
T RS485,/5P R332
RS485 BUS l

A
nterface M odule
12C fR54BS

L

The heart of the data acquisition
system  architecture, is an on-board
computer and control system (NI/MyRio)
refrieving information of all sensors
onboard the air craft, a microcomputer
(FlightTech SNC-200), an anemometric
system (SpaceAge Subminiature Air
Data Boom 101100), an inertial unit,
accelerometers, strain gauges (CEA-06-
125UW-350), strain rosettes (CEA-06-
250UR-350), electrical actuators and

angular positions sensors.



THE EOLO UAV - mass properties measurements

Accurate values of the inertia
moments and center of gravity (CG)
were measured in the Mass Properties Lab
at the Institute of Aeronautics and Space
(IAE), using the Space Electronics device,
Model KSR 1320. The principle of
measurement of this device is based on
the inverted torsion pendulum concepts.
The measurement procedure is shown in
the figure.

X Inertial moment Ls 2.53 kg m?>
Y Inertial moment s 1.60 kg m?
Z Inertial moment L. 3.96 kg m?




- THE EOLO VAV - structural dynamics mathematical model

Starting from the hypothesis
that the airplane is considered a
confinuous elastic body it is
possible to obtain its equations
using the Lagrange Equations and
the principle of the virtual work.

The figure shows the frames
defined with respect to the body.
The first hypothesis that allows
writing the structural displacement
in a point of the structure of the
aircraft like an infinite sum of the
contributions of its normal modes:

d(x,y.2) = ) 6:0x63,2m(®)
i=1




THE EOLO UAV - mathematical model

l—rv+qw+gsen(8) = %
v—pw-+ru+ gsen(¢)cos(6) = 1}5

W—qu+ pv+gcos(¢)cos(8) =

lexp — (byg + Ixet) + (I —I;n}qr-l—{fx}r—fx q)p+(r'—q* )L = L
Lyg— (Iyp+1, r}+{fu—sz}pr—|— (Iyzp—Lyr)g+ (P2 =1 ) = M
Lot — (Teyp+ b)) + (hy— Iee)pq + (e — L) + (2 — )y = N

T};+2§imgm+m = @

The first six equations are
described in relafion to the body
reference axis and are formally
equivalent to  the classical
equations of the rigid body motion.
The last expression is the structural
response model in terms of the
modal deflectios,n;. The model has
6 + np dof, where nyis the number
of flexible modes retained in the
model. Q; represents the
generadlized forces acting in the |-
th  structural mode and has
aerodynamic origin.
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- THE EOLO UAV - aerodynamica model

The aerodynamic forces are assumed to be
composed of a superposition of forces and
moments due to the rigid body motion (labeled
R) and due to the flexible response (envelope
F). The same strategy is adopted for the
generalized aerodynamic loads Q; acting on
the flexible degrees of freedom.

X=Xp+Xr £= Lp+Lp Qi = Qir +Qir
Y=Yr+Yr M= MVr+MNMg
Z=Z2p+2Zr N= Nap+MNF

From the strip theory:

1

L = EFVZSTEJP (Cor+CLF)

The coefficient of liff is:

1R= Cro+Crae+Crs0 +

C

W

(CLg +Cra)
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The coefficients for the structural
dynamics are expressed as:
T

¥ & .
L = Z (GLﬂLﬁ i + WC’me)

i—=1

The aeroelastic coefficients €y, and

obtained by analytical
pressions as  developed in the
ference WASZAK and SCHMIDT, 1988 or
estimated by means of parameter
estimation from in-flight test data (Pfifer
and Danowsky, 2016).

—

= QS(Czr +CzF)

THE EOLO UAV - mathematical model

These sums are added linearly to
the equations of rigid body motion of
the aircraft, so that no major
modifications are required for
applications of the same identification
methods used for rigid body dynamics.

S(Cxr+Cxr) £=4qS0(Cgr+Cer)
= GS(Cyr +Cyr) M =qSh(Cong + Conr)

N = gSb(Cnr + Cnr)
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THE EOLO UAV - [ongitudinal dynamics

The longitudinal dynamics is a special case, where p =r = v = 0. The motion is restricted to the
plane os symmetry, oxz, like shown the figure.

The longitudinal motion is normally represented by small displacements from an equilibrium
(unaccelerated) flight condition in the longitudinal plane. An approximation of short period
dynamics are presented below according to the work of Pfifer H., and Danowsky B.P. (2016)

0 14Zy/Up Zy/Us Z,i,/Uo a Zse/Un

0 1 0 0 B 0
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0 Ziq Eig1 — 0F Epjt — 20181 |1y E151

Longitudinal Plane
(Plane of Symmetry oxz)
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IDENTIFICATION - aerodynamic (EKF method)
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IDENTIFICATION - aerodynamic (EKF method)

For the measurement of states it was used a simulator of the longitudinal dynamics of the Eolo.

This simulator was create in a MatLab software code. For this scenario only the states a and g are
considered measurable.
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IDENTIFICATION - aerodynamic (EKF method)

Applying the Kalman filter to estimates the states:
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IDENTIFICATION - aerodynamic (EKF method)

Applying the Kalman filter to estimates the aerodynamics parameters:
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- MODELING - A preliminary UAS model

It was implemented in MATLAB/SIMULINK a e Uma q
simulation environment from previous estimates of -: s ")
the UAS model parameter just fo provide ET‘/C‘%

synthetic data to perform a closed-loop system

UAS with flexible

3 etaz
. . : . . , wings
identfification since that real experimental data shiomyda D e
not available yet. [vets |
rudder, dr
Trimmed values in equilibrium (*trim”) condition of the
straight and level cruise at velocity V=25m/s and altitude
H=11 Oom ) Xe_ - Eigenvallues of thel characterlistic equatjgr_l._s_;»_gfgm system
9x4 cell array 045§ ............... 0.00374
20 F
{'p (rad/s)' } (I 01} A'p (deg/s)' ) I 01}
{'q (rad/s)' } (I 01} {'g (deg/s)' } I 01} 15 126
{'r (rad/s)' } (I 01} {'r (deg/s)' } (I 01} SR :
v m/s)t 1 (I 251 'V @/s)t + Al 251) o - 5
{'alpha (rad)'} {[-0.0127]} {'alpha (deg)'} {[-0.7268]1}
{'beta (rad)' } ([ 01} {'beta (deg)' } (I 01} Sr:
{'phi (rad)' } (I 01} {'phi (deq)' }  {I 01} & ol
{'theta (rad)'} {[-0.0127]} {'theta (deg)'} {[-0.72681} g
{'H (m)" }ooo(0 11001} {'H @) b0 1Lo0n) -k
T 10 ﬁfifﬁfffifﬁfin ________
Sx4 cell array 45| ¥ eigenvalues: longitudinal motion 126
#  eigenvalues: lateral motion ' H
{'dF(N) "' } {[0.05371} {"dF (W) } {[0.05371} 20 - 8 eigenvalues: erXibIe“.r.nodes ] 5
[PE(MN)T ) {[5.37111}  {'E(MN)' }  ([5.3711]} 0as¥® 0.00374
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A velocity root-locus for UAS

The eigenvalues of the vehicle dynamics corresponding to a true velocity from 13m/s to 61m/s. In this
case, the flutter phenomenon can not be observed yet because only one flexible mode was
inserfed in fhe simulation environment.
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As shown, if the aircraft is flexible the rigid modes are influenced providing
more damping to short-period mode. Initially, the phugoid mode is unstable
: in both open-loop cases, in the same way, the damping increase with true
EROSPACE TECHNOLOGY CONGRESS 2018 velocity variations.
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- Trust-to-state-variables frequency response
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Elevator-to-state-variables frequency response

Bode plots of the transfer function q(s)/ d,(s) Bode plots of the transfer function V(s)/ 5e(s) Bode plots of the transfer function a(s)/&e(s)
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» Closed-loop system data of an
picth-atitude autopilot.

e “frim condition: V=13m/s and
H=1100m.
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IDENTIFICATION - closed loop identification (subspace method)

A subspace method applied both
| open-loop and closed-loop data named
DSR (combined deterministic and stochastic
system identification and  realization)
algorithm.

The system is represented by a discrete-
time s’ryﬂosﬂc linear model as given

= 4':'1.?.‘-;, — BH.,L. -+ I{:”;f
= Czp+ Duy + 5

In  formulation of the  subspace
identification problem, it is necessary to dene
an extended state-space model just fo
generate the data space formed by block
Hankel matrices of the input and output data.

Uy,

X
' Yous

+{A =KDV Xon

Il
| T |

~ i gt
d; @)

= ~d _ ~ &
Yy = Ot Xyn+H, Uy +H ey
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~ IDENTIFICATION - closed loop identification (subspace method)

The projection equation is given by

0. X1 =RpR),

U,
Yo,
Applying a singular value

decomposition in the projection
matrix

: Uy, o i
Ra:Ry ,“"L —USVT ~ L £
Yor

2t
: II-_______
a 2 L B B 10 12 14 1E
Dicdam esiimada (n)

The observability matrix is given by
O,=U;s2 —> C=0;(1:/,1:n)
An estimated state sequence of the sytem is
Xy —=BIN]

Thus, from the input-output data and estimated
state sequence, it is possible to solve the least-

squares problem to determine the system
matrices Ae R, B € R™™ and the filter Kalman
gain Ke R up to within a similarity
transformation.
. Ly N X

mes = Part(B K H —> [ABK]:Xm/l/[U &
d J/1(new)
Yi = Cxi

|
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Closed-loop

subspace identification

Time histories of manuever used for identification and

the corresponding energy espectrum. 08— 03 .
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Closed-loop subspace identification
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IDENTIFICATION - modal (EMA and GVT setup)  |ieer
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~ IDENTIFICATION - modal (EMA - FRF and Coherence)

Excitation Estimator | Averages | Windowing | Bandwidth | Spectral Resolution
lines
Burts Random H1 50 Hanning 50 Hz 1024 0.049 Hz

20.00

||:] —— FRF LWTES:+Z/LWTES:-Z

I|\‘i|||||||l|l|]‘l“"
Ampl
am
dB
|I
i,
-
T
e
S
"__‘_3-
<ol

s
P=
S

[/
L& 3 5 | & L | . " - 0.00 I ‘(

EMA Driving Point Coherence

soofoo0] |

I 1 1 L L
180.00 | 1 T L IS B A L B
= e i -
F ‘\ / \,\ / \/‘\v/ '\_k /X‘
. U e b N
—

EMA Driving Point FRF | £ i

18000 [0.00) | i ey iy iy
0.00 Hz 50.00




IDENTIFICATION - modal properties from EMA analysis

Mode Frequency [Hz] Damping []
Ist Symmetrical wing bending 46 1.6
Tail-boom torsion 13 2.1
st Anti-symmetrical wing bending + tail-boom torsion 10.6 2.2
1st Anti-symmetrical wing bending + tail-boom torsion 11.6 E2
Ist Symmetrical wing torsion + tail-boom bending 15.0 1.7
1st Anti-symmetrical wing torsion 19.1 3.2
2nd Symmetrical wing bending + Symmetrical wing torsion 212 38

2nd Anti-symmetrical wing bending 04 24
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IDENTIFICATION - modal (OMA -GV

same that for GVT-EMA

response recording.

Excitation with impulsive inputs
Internal insfrumentation was used for

The supporting system for GVT-OMA was the
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IDENTIFICATION - modal properties from OMA Analysis

Mode Frequency [Hz] Damping [7]
15t Symmetrical wing bending 4.6 0.7
Ist Anti-symmetrical wing bending 11.7 1.9
lst Symmetrical wing torsion 15.1 29
Ist Anti-symmetrical wing torsion 18.8 3.6
2nd Symmetrical bending + torsion 21.0 4.3
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WIND TUNEL CAMPAIGN

Due to the large wingspan, the
test was realized outside the
typical section test.

For this essay, it was programmed to increase
the speed in 5 km/h for every 2 minutes until a
maximum speed at 55 km/h (for the wind tunnel

The UAV was being
SOGTAINABLE AEROSPACE INNOVATION IN A GLOBALISED WORLD pllOTed outside the
tunnel




WIND TUNEL CAMPAIGN - On board collected data accelerometers
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WIND TUNEL CAMPAIGN - OMA Analysis
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~ WIND TUNEL CAMPAIGN - OMA Analysis
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WIND TUNEL CAMPAIGN - OMA Analysis

401
30T
zuj

100~ A

10 [/ N
20F | VN SN

3oy | N

1% ang 2™ Singular values of the PSD matrix (db)
[\

] 5 10 15 20 25 30 35 40 45 50
Frequency (Hz)

Fdd of the
accelerometers data.
Wind tunnel air speedy
50 km/h (13.89 m/s)

Mode

Frequency [Hz]

1st wing S bending
Tail-boom torsion
1st wing A bending
1st Fus bending+ 2nd SWB+ SWT
1st S Torsion
1st A Torsion + 2nd SWB
2nd AWB

3rd SWB

4.858

11.279

16.382

18.677
30.933

35.425

43



~ WIND TUNEL CAMPAIGN - OMA Analysis
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WIND TUNEL CAMPAIGN - OMA Analysis
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IN - FLIGHT CAMPAIGN
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IN - FLIGHT CAMPAIGN - OMA Analysis
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IN - FLIGHT CAMPAIGN - OMA Analysis
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CONCLUSION AND ONGOING WORKS

This article is ongoing research that will consist of
validating the simulator dynamic using experimental data.

From the synthetics dataq, it was possible to apply the EKF
method to identification of the aerodynamics derivatives
and compare them with well known the results such as AVL
and Waszack formulation.

The model identification with the subspace model swas
applied to synthetic data obtained wit a simulation model
using the aerodynamic derivatives calculated by the
Waszack formulation and also with AVL simulation. Both
models considered just one flexible mode. With the GVT and
the wind tunnel campaign it was possible to identify seven
flexibles modes. The in-flight test has just started, and a first
analysis shows approximately the same modal behavior,

The next step of this research will be the complete
identification of aerodynamics and conftrol derivatives using
in-flight data and a theorical considering more flexible
modes.
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