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Abstract: The development of modern, more efficient transport aircraft and High-Altitude-
Long-Endurance (HALE) aircraft requires solutions that involve lightweight structures and high
aspect ratio wings for maximum aerodynamic efficiency. However, this may result in flexible
wings, such that the coupling between rigid-body and structural modes deteriorates stability
and handling qualities of the aircraft. These can be improved by the continuous operation of
control systems with the use of structural information, such as wing deformed shape. Strain
gages can be used for such an application. However these sensors may have input interference,
such as temperature variation, that can cause false strain responses other than the expected
measurements due to flight loads. This work presents the analyzes of strain gage measurements
due to thermal loads in the X-HALE aircraft wing. Three thermal correction methods were
proposed: functions of temperature, dummy gage, and high-pass filtering. Each was tested
on indoor and outdoor experiment setup, which uses a lamp and natural temperature variation
throughout a full day as heat sources. All methods were effective in removing thermal drift
of indoor experiment data. However, only high-pass filtering method was successful in the
outdoor experiment. Indoor thermal test results done on the full 4m X-HALE aircraft, with the
addition of impact excitations on the aircraft’s wing tip, showed that the high-pass filtering was
able to remove thermal drift while maintaining all responses in the frequency range of interest.
Therefore, this method is suitable to the present application.

1 INTRODUCTION

According to the Prandtl’s lifting-line theory, induced drag of a lift surface is inversely propor-
tional to its aspect ratio (AR). Since the reduction of drag allows for an increase of aerodynamic
efficiency [1], lightweight high aspect ratio aircraft have been of interest for applications such
as environmental detection and military reconnaissance [2]. However, structural requirements
limit the AR. Increasing the elongation results in increased flexibility, considering that the struc-
tural mass is the same. This in turn can significantly modify the aircraft’s flying qualities, or
adversely affect aeroelastic stability making the control of high-altitude long-endurance aircraft
(HALE) a challenge to this day.

In an effort to obtain experimental data for flexible aircraft model validation, Cesnik and col-
laborators designed the X-HALE aircraft [3], which is a wing-boom-tail type aircraft with AR
= 20, 30 and 40 for the four-meter-, six-meter-, and eight-meter-span configurations. Instituto
Tecnoldgico de Aerondutica (ITA), as part of the Advanced Studies in Flight Physics project,
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Figure 1: 4m X-HALE aircraft in flight, at the Sao José dos Campos Professor Urbano Ernesto Stumpf Airport, on
December 07", 2017.

built two different versions of this aircraft: X-HALE aircraft with 4m and 6m of wing span.
Flight tests are currently being done on the 4m aircraft (Fig. 1). Meanwhile, the 6m X-HALE
aircraft is being constructed with the addition of embedded strain gages in four of the six wing
modules. These strain gages will measure bending, shear and torsion in real time during flight
tests, that will be used as input data in control systems. Continuous operation of control sys-
tems is of interest in this second configuration of X-HALE aircraft because of its high AR and
flexibility. These factors deteriorates the aircraft handling qualities, since the deformed state of
the wing modifies the vibration modes and their couplings [4].

Strain gage sensors may have input interference during data acquisition other than the expected
measurements due to flight loads (aerodynamic loads, inertial loads, etc). Temperature varia-
tions, for example, cause thermal strain (thermal drift) [S] that can be minimized by selecting
low STC value (Self Temperature Compensated) strain gages compatible with substrate material
thermal expansion and by using full Wheatstone strain gage bridges. However, in some cases
these measures are not enough to reduce thermal drift to magnitudes that can be neglected. For
those cases, thermal corrections are recommended.

The measured strain ¢ (A7) is given by the sum of stress-induced strain €, (A7) and apparent
strain due to thermal load €, (A7) that is defined by

Eapp (AT) = [(as —ay) + % AT (1)

where AT is a uniform substrate temperature change, o and o, are the substrate and strain gage
thermal expansion coefficients, 7y is the temperature coefficient of resistivity and k is the gage
factor. When strain gage and substrate are subjected to AT, each attempts to expand/contract
according to their own thermal expansion coefficient. However, strain gage and substrate are
bonded together, therefore, the substrate (with greater stiffness) imposes its expansion to the
strain gage. An additional strain of (%) AT will be measured by strain gage sensors [6]
which is not related to the mechanical loads. Thermal corrections have the main goal to remove
Eapp (AT) from the sensors measurement.

2 OBJECTIVE

The main goal of the current work is to propose a method to obtain strain measurements, with
thermal correction, in real-time, suitable to be used as feedback signal for automatic control in

2



IFASD-2019-099

the X-HALE aircraft.

To achieve this goal, the following steps were accomplished: determine the base noise of strain
gage sensors embedded between composite layers of X-HALE wing module; analyze responses
of bending, shear and torsion full strain gage embedded bridges when under thermal loads; test
functions of temperature, dummy gage and high-pass filtering thermal correction methods; and
compare the correction results to determine witch is more suitable for application in X-HALE
aircraft.

3 METHODOLOGY

The X-HALE aircraft consists of Im wing modules connected to booms with horizontal tails
attached and pods with motors, propellers, batteries, and processor boards. The X-HALE wing
box is a foam base covered by fiber glass Henkel Pre-preg Epoxy-glass120/F155 with layer
thickness of 0.12 mm and layup [905] in relation to the x axis of Figs. 2 and 3. The 6
composite layer creates the airfoil shape with dimension according to Jones [7].

Strain gages CEA 06-250-UW-350 for bending and CEA 06-187-UV-350 for shear and torsion
Wheatstone bridges were positioned on top of the 5t fiber layer, as depicted in Fig. 2 and 3.
Bending and shear bridges are positioned 50 cm from the wing module edge in relation to wing
span, while torsion bridge is positioned 55 cm from it.
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Figure 2: Bending strain gages positions on X-HALE wing module.
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Figure 3: Shear and torsion strain gages positions on X-HALE wing module.

Two LM35 temperature sensors were attached to top and bottom wing surface near top and
bottom bending strain gage and a third temperature sensor was positioned inside the wing box
near shear strain gages. They will be called T, Tgase and Tcepser temperature sensors from
now on. These positions were chosen in order to measure the temperature that each strain gage
where subjected to during the experiment. 77,, and T.s temperature sensors were covered
with a thin styrofoam layer in order to protect them from heat coming straight from the heat
source.

Two CEA 06-250-UW-350 strain gages were used as dummy gages and were positioned near
Trep and Ty temperature sensors. They will be called D,,, and Dy,s. from now on. Both
were kept free to expand and contract between two plastic sheets that were loosely attached to
wing surface.

The data acquisition system (DAQ) was based on Arduino MEGA 2560 platform, with 10-bit
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resolution and sampling rate ranging from 1 Hz to 100 Hz, according to each test requirement.
Signal conditioning was made by ICAS S strain gauge analog amplifiers.

3.1 Experiments
3.1.1 Stability Over Time Test

Bending, shear and torsion strain were measured for 3 hours with minimum system disturbance
(such as vibration and temperature changes) and no load application. This was done in order to
determine how stable and reliable strain gage measurements of embedded bridges are with time
and to measure the sensors base noise. This test was done on the bi-supported configuration
presented in Fig. 4 in the 1 m wing module. The supports used had the same shape as the lower
surface of the wing.

| _ R R
100 Y 1
I— X
| _
1 1 AZ | 1
____; _____ _»_x__:____ I Wing box
A
'R R4
} {
300

Figure 4: Bi-supported configuration in 1 m X-HALE wing module.

Based on this data, a Moving Average Filter (MAF) with average of 50 data points was im-
plemented. The sampling rate was equal to 1 Hz in every measurement for which the MAF
was used. This filter was used with the only objective of noise reduction so that the thermal
responses could more easily be observed.

3.1.2 Indoor Thermal Experiment

This experiment used 120W 220V halogen lamp as heat source, and dummy gages, temperature
sensors and embedded strain gages as sensors. The lamp was connected to a dimmer in order to
adjust the light intensity during experiment. Three tests were conducted with 3 different lamp
voltages in order to test the thermal drift on strain gage sensors due to different thermal loads.
This slightly changed the heating hate and maximum temperature achieved on each test. These
tests are called tests 1, 2 and 3 in ascending lamp voltage order. They were all done on the
bi-supported configuration on the 1 m wing module with sampling rate of 1 Hz.

The test 3 was repeated on the 4m X-HALE aircraft with sampling rate of 100 Hz in order to
verify the ability of the high-pass filtering correction method (Sec. 3.2) to remove the thermal
drift while maintaining strain responses in the frequency range of interest. The 4m X-HALE
aircraft has bending and torsion strain gage bridges embedded in the wing module 2 presented
in Fig. 5. Both measurements were recorded with and without high-pass filtering. During the
thermal experiment, impact excitations were done to the wing’s tip.
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Figure 5: 4m X-HALE aircraft.

3.1.3 Outdoor Thermal Experiment

It consisted of exposing the wing module to natural temperature changes throughout a full day
at Sao José dos Campos, Brazil. The experiment started at 8 AM and ended at approximately
4 PM. Bending, shear and torsion strains, Tiop, Thase> Leenters Diop and Dyase Were measured
throughout the experiment. This experiment was also done on the bi-supported configuration in
the 1 m wing module with sampling rate of 1 Hz.

3.2 Thermal Correction Methods

The functions of temperature correction method consists of calculating &, (AT") from polyno-
mial functions with two variables coming from least-squares-fit linear regression between tem-
perature inputs and strain response. This method is a simplified version of the one proposed by
Moran et al. [8]. In the present work, five input data were tested: Ty, Thases Ttop — Thase = Tas
and its derivatives with respect to time (d7'/dt). These were related to indoor and outdoor ex-
perimental data in order to find the correction functions. The ones that best predicted e, (AT')
were obtained by using Tx and d7T'a/dt as independent variables and complete indoor experi-
mental strain data (heating and cooling curves) as dependent variable. Functions for bending,
shear and torsion bridges were obtained for indoor tests 1, 2 and 3 and the chosen ones were ap-
plied to outdoor experimental data in order to assess the effectiveness of this thermal correction
in a thermally non-controlled environment.

The dummy gage correction method used two CEA 06-250-UW-350 strain gages as dummy
gages [9]. They were kept free to expand/contract between two plastic sheets that were loosely
attached by one extremity to the top and bottom surfaces of the wing module in the same po-
sitions of 73,, and T, that are near top and bottom bending strain gages. Because of that,
constants had to be found to correlate dummy measurements to thermal drift of shear and tor-
sion bridges. Top, bottom and the difference between top and bottom dummy gage data (D,
Digse and Dy, pqse) Were tested to correct bending, shear and torsion bridges.

The high-pass filtering method i1s only recommended for cases where the strain responses of
interest are in a known range of frequency that do not include the frequency of thermal drift
(approximately 0 Hz). Differently to the MAF cited before, the high-pass filter is applied to the
strain measurement in order to remove all quasi-static measurements (including near constant
strain due to loads other than temperature). In the X-HALE aircraft, the frequency range of
interest is from 0.5 to 20 Hz, allowing for the use of this method. The indoor and outdoor
experimental data were filtered in post-processing with a high-pass filter with cutoff frequency
of 0.1 Hz. The sampling rate in these experiments was 1 Hz; therefore, the range of response
kept in the filtered data is from 0.1 to 0.5 Hz. In order to assure that a similar filter would be
suitable for use in the aircraft, a second indoor test was done as described in Section 3.1 with
sampling rate of 100 Hz. A 2"? order high-pass digital eliptical filter programmed in Arduino
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MEGA 2560 with cutoff frequency of 0.5 Hz was used. A 1% order anti-aliasing analog filter
with cutoff frequency of 50 Hz was also added to both filtered and unfiltered data.

3.3 Flight Dynamics Model

To assess if the magnitude of thermal drift and noise obtained for strain gage sensors are small
enough to be neglected during X-HALE flight tests, strain responses for Aileron Doublet ma-
neuver with 2° of amplitude were simulated for the 4m X-HALE aircraft.

The flight dynamics model of the 4m X-HALE aircraft is based on the dually-constrained-
axis formulation [10, 11], which assumes small deformations. A geometrically-linear three-
dimensional FEM model of the aircraft, shown in Figure 6, was built using beam elements,
as well as concentrated masses and rigid-body elements. The beam elements have two nodes
and twelve degrees of freedom each, and were described by Guimaraes Neto et al. [12]. The
aerodynamic loads acting on the flexible aircraft are calculated with the doublet-lattice method
[13], adjusted with two-dimensional airfoil data based on the XFOIL software [14]. The total
aerodynamic loads are the superposition of the loads due to the rigid-body motion and those
due to the elastic deformation of the airframe.

0.2,
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Figure 6: FEM model of 4m X-HALE aircraft.

4 EXPERIMENTAL AND NUMERICAL RESULTS
4.1 Stability over time

The stability test was conducted for approximately 3 hours with no mechanical or thermal loads.
Figure 7 presents bending bridge strain data without and with moving average filter (MAF).
Similar results were obtained for shear and torsion bridges.

The results showed that strain gage measurement are stable with time. Furthermore, the reduc-
tion of measurement noise caused by MAF can be easily seen in Fig. 7. It can also be observed
in the reduction of A, (that is given by the subtraction between the maximum and mini-
mum strain measured). The average Ag;,.q;, Obtained for the three strain gage bridges without
moving average filter is approximately 12 pe. it reduces to approximately 3 pe when the data is
filtered. For that reason, the MAF will be used from now on in every data that is only interested
in thermal response. Assume the use of MAF in the data unless said otherwise.
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Figure 7: Test of stability over time with duration of 3 hour on X-HALE wing module without and with moving
average filtering (MAF) for bending bridge.

4.2 Thermal experiments

Bending, shear and torsion strain measurements due to only thermal loads are presented in Fig.
8 for indoor test 3. The fast initial increase of temperature happened when the lamp was turned
on. The three strain gage bridges respond to thermal load almost immediately even though they
are in different positions in the wing module. All are embedded between composite layers.

Table 1 shows the maximum temperature (7,,,,,) and the average heating rate (AT'/At) from the
moment that the lamp was turned on to the maximum temperature. It shows the measurements
from the three temperature sensors (Ziyp, Tienter and Tpqse) for each lamp voltage configura-
tion (Tests 1, 2 and 3); maximum strain in module |&,,,,|, average strain magnitude drop rate
(|de/dt]) which is the drop in strain measurement calculated from the moment that |&,,,,,| was
measured to the instant that the lamp was turned off (dashed line in Fig. 8(a)) and the strain
measured after temperature returns to ambient temperature (0.,,4) are also presented in Table 1
for the three embedded bridges.

Table 1: Temperature and strain data obtained for bending, shear and torsion bridges on three configurations of
lamp voltage.

Data Test 1 Test 2 Test 3
Bend. Shear Tor Bend. Shear Tor. Bend. Shear Tor.
| €maz | (1€) 4425  8.69 8.84 50.43 1094 10.55 47.84 10.02 1043
| de/dt | (ue/min) 015 006 010 022 0 004 029 0 007
Ocng (1€) -471 043  -0.03 973  -094 034 -15.26 059 224
,I’top Tcenter Tbase T'top Tcenter Tbase Eop Tcenter Tbase
Trnax CC) 4545 3226 35.19 48.88 33.24 36.66 48.88 32.75 36.66
dT/dt (°C'/min) 0.23 0.04 0.07 0.31 0.06 0.11 0.31 0.07  0.09

In general, the differences in lamp voltage caused small variations on 7,,,,, and AT /At. Even
with such small differences between tests, it was observed an increase of |de/dt| related to the
increase of AT /At. This also resulted on larger values of 0,4. The shear bridge has null
|de /dt| because the maximum strain happened when the system was subjected to maximum
temperature; therefore, no average strain magnitude drop rate was measured. On the other
hand, torsion and bending bridge present |de/dt|, which is not expected, knowing that this drop
in strain magnitude happens during thermal load increase. Bending bridge is the most sensitive
to thermal load which is evidenced by its higher values of |de/dt|, Ocpq and |€maz]-
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Figure 8: Indoor thermal test 3: a) strain and b) temperature measurements.

Outdoor experiment strain response, as well as Ty, Teenter and Ty, are presented in Fig. 9. A
rapid temperature drop can be seen approximately 4.75 h after experiment start because, from
that time on, the wing was no longer exposed to direct sun light, being protected by a shadow.

In order to reduce thermal drift, three correction methods were proposed and compared to orig-
inal and MAF data: i) functions of temperature, ii) dummy gage and iii) high-pass filtering. All
corrections were first tested in indoor experiment data. ,,,4., €min and Agqin 0f bending, shear
and torsion strain with and without corrections are presented in Table 2.

Table 2: Strain measurement data obtained from Test 2 indoor experiment with and without thermal corrections.

Data Bending Shear Torsion
Emaz Emin Astrain Emaz Emin Astrain Emaz Emin Astrain
Original 53.76 -13.97 67.73 437 -15.15 19.52 420 -1541 19.61
MAF 50.43 -10.37 60.80 0.85 -1094 11.79 1.46 -10.55 12.00
e— f(T) 858 -549 14.07 195 -1.44 3.38 1.53 -1.61 3.14
€ — Dpgse 4220 -12.59 54.79 1.02  -6.08 7.10 1.04 -5.93 7.36
€ — Diop 294 -3195 34.89 273 -4.84 7.57 1.61 -2.79 4.40
€ — Diop—tase 472 -19.95 24.67 414 477 8.91 2.63  -2.69 5.33
Forain 0.61 -0.21 0.82 0.09 -0.22 0.31 0.10 -0.21 0.31

The functions f(7") obtained from indoor test 2 were chosen for functions of temperature cor-
rection due to their higher coefficient of determination (12?) and better correction results in all
embedded bridges. Figure 10 shows the strain data (¢), the strain obtained from f(7") and the
results after correction (¢ — f) for bending bridge. This correction was effective in reducing
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Figure 9: Outdoor thermal test: a) strain and b) temperature measurements.
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Figure 10: Functions of temperature correction applied to bending bridge strain data of indoor test 2.

thermal drift on indoor experiment strain data. When comparing the corrected curve to MAF
data, it was observed a reduction of 77%, 71% and 74% of A4, for bending, shear and torsion
bridges respectively.

The use of only Dy, Dpgse and Dyop—pese On the Dummy gage correction are compared in Fig.
11 for bending bridge. For this case the best correction was obtained when using D;op_pgse
with a reduction of 55% and 29% of Ag,..;n» When compared to corrections using Dy, and
D;op. For shear and torsion bridges, the best correction was obtained when using Dyqs. and
Dy, respectively, resulting in reductions of 40% and 63% of A, when comparing corrected
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Figure 11: a) Dyop, b) Dygse and ¢) Dyop—pase dummy corrections applied to bending bridge strain data of indoor
test 2.
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Figure 12: High-pass filter correction applied to bending bridge strain data of indoor test 2.

curves to MAF data.

Figure 12 shows that the high-pass filtering correction (F.,,4) was able to completely remove
the strain measurement due to thermal load in the indoor experiment data. When comparing the
corrected curve to MAF data, it was observed a reduction of 99% of A, for bending bridge
and 97% for shear and torsion bridges.

The corrections configurations with best results for functions of temperature and dummy gage
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correction (when applied to indoor experiments) were used for outdoor experiment correction
and the results are presented in Figs. 13 and 14. The outdoor experiment correction with high-
pass filtering is presented in Fig. 15. A good thermal correction of outdoor experiment data
was not achieved for the two first correction methods for any of the three strain bridges, while
high-pass filtering was successful in removing thermal drift from the three measurements.

When comparing the corrected curve obtained by function of temperature to MAF data, an
increase of approximately 24% of Ag,.q;, Was observed for bending and 15% for shear bridge.
On the other hand, this correction was able to achieve a reductions of 6% of Ag;,.:, for torsion
bridge.

When comparing the dummy gage correction curve to the MAF data, an increase of approxi-
mately 32% and 44% of A ,.q;n Were observed for bending and torsion bridge. The shear bridge
presented higher increase of 160%.

For the high-pass filtering correction, a reduction of 99% of Ag,.q.;n Was observed for bending
and 98% for shear and torsion bridges when comparing the data with thermal correction and
with MAF.

The existence of |Ae/At| during temperature increase (observed also on outdoor experiment)
suggests that the strain measurements not only depends on the temperature itself, but also on
the heating/cooling rate and the exposure time to each temperature. This makes the &, (AT
much harder to predict, explaining why a less controlled environment experiment result in less
effective function of temperature and dummy gage thermal corrections. On the other hand,
the high-pass filtering method does not aim to predict £, (A7), but only to remove all low
frequency responses. Therefore, an increase in the complexity of the thermal system does not
affect the performance of this method.
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Figure 13: Functions of temperature correction applied to bending bridge strain data of outdoor experiment.

Table 3: Strain measurement data obtained from outdoor experiment with and without thermal corrections.

Data Bending Shear Torsion
Emax Emin Astrain Emax Emin Astram Emax Emin Astram
Original 242  -59.01 83.21 5.14  -24.14 29.28 1.92 -31.41 33.33
MAF 20.64 -55.61 76.25 -0.01 -21.41 2140 0.04 -27.73 27.76

e— f(T) 20.40 -74.25 94.65 1.89 -22.71 24.60 0.03 -25.92 25.95
e—D 72.94 -27.82 100.76 17.90 -37.72 55.62 -0.02 -39.89 39.87
Fetrain 028 -0.69 097 0.09 -0.31 0.40 0.08 -038 046
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Figure 14: Dummy correction applied to bending bridge strain data of outdoor experiment.
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Figure 15: High-pass filter correction applied to bending bridge strain data of outdoor experiment.

Flight experiments of X-HALE aircraft are expected to last for a maximum of 10 min, and the
acquisition system will be stabilized in the zero strain point prier to each flight. Therefore, ther-
mal corrections need to be effective for only 10 min and not the 8 hours of outdoor experiment
presented. Because of this, 10 min windows were chosen on outdoor experiment data and sta-
bilized on the zero strain point at the beginning of the window in order to better compare the
correction methods. Three windows were chosen based on the three maximum A, obtained
for bending bridge and are presented in Fig. 16. The comparison between original strain data
(estrain), With moving average filter (MAF), with functions of temperature correction (Func-
tion), dummy gage correction (Dummy) and high-pass filtering (i) are presented in Figs.
17, 18, 19 and Table 4.

The high-pass filtering correction was more effective in reducing thermal drift in every time
window for all three strain gage bridges. The second best correction method was the dummy
gage correction that presented the second smaller Ag;,..;,, in all windows for bending bridge and
window 3 for shear bridge.

4.3 Simulated strain for flight maneuver

The commanded deflections uy and wuy, related to right and left elevator and aileron command
surfaces (according to Fig. 6), are presented in Fig. 20 for aileron doublet input with 2° of
amplitude. For all surfaces, positive deflection means trailing edge downwards. Simulated
strain due to maneuver is presented in Fig. 21, measured on the two center wing modules of
X-HALE aircraft (Fig. 6) for the cases of flight speed of 12, 16 and 20 m/s.
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Figure 17: Bending bridge data with and without thermal corrections on 10 min time windows a) 1, b) 2 and c) 3.
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Figure 18: Shear bridge data with and without thermal corrections on 10 min time windows a) 1, b) 2 and c) 3.

In the numerical model, the strain measurement is null when the aircraft has zero structural
loads. On experimental tests, strain gages will be set to zero prior to each flight when the
aircraft is at rest. Therefore, the analysis will be done focusing on the A, obtained during
maneuver that is presented in Table 5.
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Figure 19: Torsion bridge data with and without thermal corrections on 10 min time windows a) 1, b) 2 and c) 3.

Table 4: Agypqin of 10 min time windows of outdoor experiment with and without thermal corrections.

Window 1 Window 2 Window 3
Abend. Ashear Atmﬂ Abend. Ashaar Ator. AbendA Ashear Ator‘.
Original 3096 11.71 11.77 3483 11.71 15.69 54.18 13.66 21.57

MAF 2535 238 3.73 2558 425 6.5 4749 9.02 14.83
Function 39.67 5.60 5.67 28.08 635 6.27 68.41 13.68 10.67
Dummy 21.86 398 4.70 18.03 475 6.4l 2589  6.09 11.01

Fatrain 0.36 023 0.22 0.40 0.21 0.26 0.63 0.27 0.3l

Data

Table 5: Agirqirn of simulated strain results in response to aileron doublet inputs.

Bending Torsion Shear
Right Left Right Left Right Left
12 m/s 28.38 27.95 1039 10.22 5.27 5.18
16 m/s 52.77 54.08 12.04 11.55 6.08 5.89
20 m/s 78.25 80.85 15.04 1535 7.68 17.79

Flight Speed

The smallest Agy,.q;, Obtained for bending bridge with high-pass filtering correction (of 0.36 on
Window 1 of Table 4) corresponds to 1% of the smallest Ag,.q;, of bending bridge for flight
maneuver. Similarly, shear and torsion smallest A;,..;, With high-pass filtering (Window 2
and 1 respectively) represent 4% of shear bridge and 2% for torsion bridge for aileron doublet
maneuver.

The second smallest Ag,..;,, obtained for bending bridge (of 18.03) with Dummy gage correc-
tion on Window 2 of Table 4 corresponds to 65% of the smallest Ag,..;,, of bending bridge for
flight maneuver. Similarly, shear and torsion second smallest Ag;,.q;,, of 2.38 and 3.73 respec-
tively, obtained for filtered data of Window 1 represent 46% of shear bridge and 36% for torsion
bridge for aileron doublet input.

The high-pass filter is the best thermal correction method of the ones tested in the present work,
being able to remove thermal drift of strain gage sensors subjected to simple and complex
temperature variations. However, all slow strain responses will be lost with this method.

For other applications in which the expected strain measurements are not as small as in the case
of X-HALE aircraft, dummy gage correction can be used, knowing that it was able to reduce
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Figure 20: Commanded deflection of a) left elevator, b) right elevator, c) left aileron and d) right aileron in aileron
doublet input.

thermal drift in most of the time windows analyzed.

For cases where the temperature variation is expected to happen in a more controlled environ-
ment, both functions of temperature and dummy gage correction methods can be used.

4.4 High-pass filtering in X-HALE aircraft

In order to verify the ability of the high-pass filtering correction method to remove the thermal
drift while maintaining strain responses in the frequency range of interest, the indoor thermal
test was repeated in the 4m X-HALE full aircraft with sampling rate of 100 Hz. Bending
measurement with and without high-pass filtering during heating and cooling are presented in
Figs. 22 and 25. T}, and T} for each of these sections are presented in Figs. 23 and 26. The
peaks in Figs. 22 and 25 are the strain responses due to impact excitation. These excitations
during heating and cooling are shown in detail in Figs. 24 and 27. The curves presented do
not have MAF. Therefore, the relation between base noise and strain measurement is what is
expected to happen during flight tests. Similar responses were obtained for torsion bridge.

Once again, the high-pass filtering method was able to remove thermal drift from measurement.
The excitation response, on the other hand, was kept mostly unchanged. The frequency and
amplitude of bending and torsion due to excitation are the same for the cases with and without

15
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Figure 21: Bending (a and b), shear (c and d) and torsion (e and f) strains in aileron doublet input.

high-pass filtering. Therefore, this method was able to create strain measurement suitable for
use in control systems in the X-HALE aircraft.

S CONCLUSION

This paper presented results of thermal tests on strain gage sensors embedded between com-
posite layers of the X-HALE aircraft wing. These tests were done with the goal to determine
which thermal correction method is able to create corrected strain measurements, in real time,

16



IFASD-2019-099

50 50 ¢
F bend gbend
£ £
B B
3 0 ER
W W
3 3
-50 ‘ ‘ ‘ ‘ ‘ ‘ -50 ‘ ‘ ‘ ‘ ‘
1 2 3 4 5 6 1 2 3 4 5 6
Time [min] Time [min]
(@) (b)
Figure 22: Bending strain a) with and b) without high-pass filtering correction during heating (sampling rate of
100 Hz).
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Figure 23: Temperature measurement of indoor experiment during heating (sampling rate of 100 Hz).
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Figure 24: Bending strain due to impulse excitation during heating (sampling rate of 100 Hz).

to be used in control systems. Thermal tests in indoor and outdoor environments were done
on a 1 m X-HALE wing module. Thermal drifts of 50.43 e were measured when the system
was under 48.88°C'. Three correction methods were tested on both indoor and outdoor experi-
ment data: functions of temperature, dummy gage and high-pass filtering. All three correction
methods were effective in removing thermal drift of indoor experiment data. On the other hand,
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Figure 25: Bending strain a) with and b) without high-pass filtering correction during cooling (sampling rate of
100 Hz).
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Figure 26: Temperature measurement of indoor experiment during cooling (sampling rate of 100 Hz).
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Figure 27: Bending strain due to impulse excitation during cooling (sampling rate of 100 Hz).

only the high-pass filtering method was successful in the outdoor experiment. The results were
compared to data with moving average filter (MAF) on time windows of 10 min (time similar
to the duration of an X-HALE flight). The best results were obtained for high-pass filtering
method, which was able to completely remove thermal drift from measurements. This method
was applied in an indoor thermal test done on the full 4m X-HALE aircraft, with the addition
of impact excitations on the aircraft’s wing tip. This method was proved to be suitable for

18
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the present application, being able to remove thermal drift while maintaining responses in the
frequency range of interest.
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