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Abstract

:

This paper presents the issues concerning calibration of a measurement system for monitoring the cross-sectional forces and moments of an unmanned aircraft’s wing. A composite cantilever wing with built-in measurement systems based on electrical resistance and Fibre Bragg Grating strain gauges has been made for the purpose of the study. Measurement systems placed along the span of the wing consist of strain gauges arranged in a manner that allows the monitoring of shear force, bending and twisting moments. The calibration process was described in terms of both experimental tests and mathematical formalism. The calibration results were compared for the complete system, consisting of three sensor units, and for various combinations of separated measuring points. For each case, a reading inaccuracy analysis was carried out and conclusions, including recommendations for the design of this kind of measurement system, were formulated.
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1. Introduction


Currently, there is a significantly growing interest in Unmanned Aircraft Systems (UASes). The load-bearing structures of this kind of aeroplane are largely built as composite structures. With respect to their fatigue life, such structures are relatively poorly understood. In this regard, it would be appropriate to intensify the work leading to the fullest understanding of the nature of load on the particular elements of UAS structures. The continuous development of numerical methods, including the finite element method, can help to develop more and more accurate and fuller strength analyses. However, in order to reach the full potential of modern computational methods, one should use experimental testing. Correct numerical results are determined by, more than anything else, the knowledge of material constants, which allow us to, among other things, reproduce the stiffness of the analysed structure as accurately as possible. As far as aircraft structures are concerned, there is an additional problem in the numerical calculations: proper discretization of the pressure distribution on lifting surfaces, caused by the aerodynamic loads [1]. This issue is particularly important in numerical fatigue tests, in which the determination of the actual load spectrum present during the operation of the aircraft conditions the correctness of the results obtained.



Many experimental testing methods have been used to determine the load spectrum acting on the aircraft structure [2,3,4,5,6]. For manned aircrafts, electrical resistance strain gauges have been successfully used for many years in cases of load monitoring. Their appropriate arrangement allows monitoring of the current load level of the structure. In the aircraft’s wing, the major load is induced by the bending moment, shear force and torsional moments that appear in the structure as the effects of aerodynamic forces (Figure 1a). The values of section loads differ along the wingspan (Figure 1b) and are also connected with the actual load factor depending on the flight conditions and manoeuvre of the aircraft.



The idea of measurements taken using strain gauges is connected with the assumption of the work of the structure as a semi-monocoque structure [7,8]. Under such conditions, the wing spar caps transmit axial loads only, which are the effect of the bending moment, while the spar wall and the other part of the skin work for shear only. It, thus, becomes possible to connect the occurrence of the essential cross-sectional forces and moments with the strains in the semi-monocoque structure elements. The system of three strain gauge bridges, as presented in Figure 2, enables us, once it is calibrated, to determine the section load components using Equation (1):


   (     V     M     T     )  =  (       β  11        β  12        β  13          β  21        β  22        β  23          β  31        β  32        β  33        )   (       μ 1         μ 2         μ 3       )   



(1)




where V is the shear force, M is the bending moment, T is the torsional moment; μj is the strain gauge bridge readings (j = 1, 2, 3). Coefficients βij (i,j = 1, 2, 3) in Equation (1) are the values to be determined during the experimental calibration tests according to Equation (2), involving at least three specific load cases.


   (       β  11        β  12        β  13          β  21        β  22        β  23          β  31        β  32        β  33        )  =    (       μ  11        μ  12        μ  13          μ  21        μ  22        μ  23          μ  31        μ  32        μ  33        )    − 1    (       V 1       V 2       V 3         M 1       M 2       M 3         T 1       T 2       T 3       )   



(2)







This measurement method was first outlined in the literature as a NASA report [9] and, later, repeatedly applied in tests on aircraft structures [10,11,12,13,14]. However, there is a lack in the literature of such tests on unmanned structures, in particular on mini- or micro-class aircraft. The fact that no such tests have been performed on UASes so far is probably due to the considerable weight of the measuring systems based on strain gauges in relation to the weight of the UAS structure, which does not allow their use during the actual operation.



However, special attention needs to be paid to the development of alternative measuring techniques based on fibre optic strain gauges called Fibre Bragg Grating (FBG) sensors, which are low in weight and can thus be used in the classes of the structure in question. There are many examples in the literature of using this kind of sensor in research, including fatigue crack growth measurements [15], detection of the delamination [16,17], stress and strain state monitoring [18,19,20] and life cycle monitoring of composite structures [21,22]. There are also examples of the testing of aircraft structures. Iadicicco et al. [23] presented the application of FBG sensors to monitor the strain state of composite aircraft landing gear. Orkisz et al. [24] used FBG sensors to measure strain level change due to fatigue tests of the composite spar of a motor sailplane. Ramly et al. [25] described the design and development of a part of a vertical stabilizer in the form of a composite sandwich panel with embedded FBG. Ruzek et al. [26] and Tserpes et al. [27] published papers devoted to strain and damage monitoring in Carbon Fibre Reinforced Plastics (CFRP) fuselage panels using FBG sensors. Ryu et al. [28] used numerous built-in FBG sensors to carry out buckling behaviour monitoring of a composite wing box. Recently, Ma and Chen [29] summarized applications of FBG to wing shape measurement. Nicolas et al. [30] published research results based on the testing of a composite wing with hundreds of built-in types of constant FBG sensors.



This study explores the issues of the calibration of the above-described measurement system. As mentioned above, the measuring method is closely linked with the theory of how a semi-monocoque structure works, so the full version of the system in question is based on the simultaneous measurement of three values, i.e., shear force, bending moment and torsional moment, using three sensor sets. Bearing in mind that it is also possible to measure these values individually, an attempt was made to determine the reading accuracy level according to the number of gauges used. This issue seems essential given the cost of a measurement system and the possibility of reducing its weight in the case of using fewer gauges.




2. Tested Structure


For the purpose of the study, a single-spar composite cantilever wing with a constant aerodynamic profile (NACA 4415) was made. The channel-sectioned spar was built from carbon fabric and additionally reinforced with carbon roving on the junctions of the shelves and wall. The wing skin was a sandwich-thin shell made of four carbon fabric layers, with an axial configuration of ±45° and with a core of polyurethane foam. The whole spar was covered with one glass fabric layer.



The wing was connected to the UAS fuselage through the bayonet portion of the spar, which had two supports to take the reaction in the form of shear force and bending moment. The third support was attached to the rear portion of the wing, by the so-called anti-flap wall, to prevent the rotation of the wing on the aircraft’s lateral axis. The solution details of the technical realization of the test stand are presented in Figure 3.




3. Measurement System


The measurement system used was built on the basis of electrical resistance and fibre optic strain gauges. The strain gauges were grouped under four measuring sections (Figure 4). Systems I, II and III comprised three strain gauge bridges each.



Shear force was measured with the use of the gauges connected in a full bridge system positioned on the spar wall, according to the assumption that the essential task of the wall was to transmit transverse forces.



The occurrence of the bending moment is linked to the loading of the spar caps with normal forces, and that is why half-bridge gauges were placed on the surface of those elements. According to the idea of the work of the semi-monocoque structure, the wing skin elements are only subjected to loads in the form of shear stress.



The front portion of the wing, separated by the spar, is a torque box, the task of which is to transmit torsional moment. In order to determine this value, full bridge systems integrated with the skin were used.



Systems I, II and III comprised 30 electrical resistance strain gauges in total (Figure 4 and Figure 5). All used electrical sensors were manufactured by HBM company (Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany), they were general purpose strain gauges with 10 mm gauge length and 120 Ω nominal resistance. Electrical strain gauges were bonded to the composite structure of the wing using HBM Z70 cyanoacrylate adhesive.



As already emphasized for UAS structures, the weight of the measurement system is the key factor and that is why fibre optic strain gauges were additionally embedded in the structure tested (OPT Section, Figure 4). The optical strain gauge chain used was an HBM OptiMet-OMF single-mode optical fibre with four Bragg gratings acting as the strain measuring points. In general, it allows us to place up to 13 Bragg gratings a minimum of 60 cm apart with a Bragg wavelength distance of 5 nm. The diameter of the fibre core is 6 μm and the outer diameter of the fibre with cladding is approximately 195 μm. Opticla strain gauges were bonded to the tested structure with the use of a HBM X120 bi component cold-curing epoxy adhesive, specially selected for installing optical fibres. According to the data sheets, such a glued connection allows the fibre to strain up to 0.7% in both positive and negative directions and its expected fatigue life should be above 107 load cycles.



Shear force was measured using one gauge placed on the spar wall at the angle of 45 degrees in relation to the spar caps. The measurement system design included two such gauges placed on the opposite sides of the spar wall; however, one of the gauges was damaged during installation.



The system for measuring bending moment was built from two gauges placed along the spar caps on the inner sides. Additionally, one strain gauge was used to compensate for the effect of temperature. No temperature compensation is required for electrical resistance strain gauges, as half-bridge and full bridge systems are self-compensating.



The measurement data acquisition system (Figure 6) consisted of the HBM Quantum MX840B strain gauge amplifier and the HBM SI405 interrogator for FBG sensors. The used amplifier for electrical strain gauges has a mass of approximately 1 kg and is equipped with eight channels with sample rates up to 40 kHz for each of them. The interrogator is capable of capturing data with a measuring range up to 10 Hz from four optical chains connected, which gives us the possibility of recording data from up to 52 measuring points. The mass of the device is approximately 2 kg, but it can be assumed that, with time, this value will decrease with the introduction of subsequent generations of equipment. Both devices were connected to a PC with installed HBM Catman Easy AP 4.2 software (Hottine Baldwin Messtechnik GmbH, Darmstadt, Germany), which allows for the recording and time synchronization of the measurement results.




4. Measurement System Calibration


The measurement system was calibrated through applying concentrated loads in a gravitational manner, one by one, at five points spanwise and chordwise of the wing (Figure 7). In this way, fifteen load cases (Table 1) with different values of shear force (V), bending moment (M) and torsional moment (T) acting on the wing were considered.



In Table 1, each load value is normalized and refers to the values of shear force and bending moment that occurred in the first loading phase at Section III.



The strain measurement results obtained in the tests were used to calibrate the system, that is, to determine the β coefficients in Equations (1) and (2), which, for n measurements is generally expressed, is as follows:


   {   V n   }  = ‖  μ  n j   ‖  {   β  1 j    }  ,  



(3)






   {   M n   }  = ‖  μ  n j   ‖  {   β  2 j    }  ,  



(4)






   {   T n   }  = ‖  μ  n j   ‖  {   β  3 j    }  .  



(5)







After appropriate transformation, the β values can be obtain according to Equations (6)–(8):


   {   β  1 j    }  =    [    ‖  μ  n j   ‖  T  ‖  μ  n j   ‖  ]    − 1    {    ‖  μ  n j   ‖  T   {   V n   }   }  ,  



(6)






   {   β  2 j    }  =    [    ‖  μ  n j   ‖  T  ‖  μ  n j   ‖  ]    − 1    {    ‖  μ  n j   ‖  T   {   M n   }   }  ,  



(7)






   {   β  3 j    }  =    [    ‖  μ  n j   ‖  T  ‖  μ  n j   ‖  ]    − 1    {    ‖  μ  n j   ‖  T   {   T n   }   }  ,  



(8)




where, for one bridge j = 1, for two bridges j = 1, 2; while for one full measurement system (three bridges) j = 1, 2, 3.




5. Measurement Results


5.1. Calibration Cases


The results obtained in the tests were used to consider the following three calibration cases:




	
Calibration with the use of one full measurement system: System A



	
Calibration with the use of only the bridges for the measurement of shear force and bending moment: System B



	
Calibration with the use of individual bridges—individual measurements of shear force, bending moment and torsional moment: System C








Each case led to the calculation of the β coefficients according to Equations (6)–(8) and to the determination of the cross-sectional forces and moments. The graphics below make up a comparison between the measurement errors (absolute values) for each load case under consideration. The absolute error values were calculated according to Equations (9), where subscript calib means values obtained with the use of Equations (3)–(5) and values without subscripts are the actual loads the structure is subjected to.


   e V  =  |    V −    (   V  c a l i b    )   T   V   |  · 100 %  










   e M  =  |    M −    (   M  c a l i b    )   T   M   |  · 100 %  










   e T  =  |    T −    (   T  c a l i b    )   T   T   |  · 100 %  



(9)








5.2. System Calibration for Resistance Strain Gauges (Sections II and III)


Figure 8, Figure 9, Figure 10 and Figure 11 show the distribution of errors in strain gauge readings for Sections II and III. The analysis of the results leads to the conclusion that the systems and the numerical calibration procedure applied to provide information on the bending moment acting in the section have a margin of error not exceeding 5%. The calibration results also show that the accuracy of the measured value is slightly dependent on the measurement system used.



For the determination of the shear force, the errors in Section II did not exceed 12%, whereas the error of measurement in Section III reached 40%. When analysing the graphs in Figure 7 and Figure 9, one can conclude that the measurement errors deviate significantly from the mean in only a few measurements. Figure 12 and Figure 13 present the results of the calibration performed after removing measurements 3, 10 and 11 (System A1). The elimination of the clearly incorrect readings had a positive effect on the calibration process; however, it should be noted that the mean square error deviation increased for the whole series of measurements.



The assessment of the results obtained also leads to the conclusion that the distribution of measurement errors is accidental in character and results rather from the mathematical roots of the method than from the load cases considered.



Table 2 shows calibration errors for the torsional moment measurement. The use of the full measurement system (System A) results in a satisfactory reading accuracy, one that does not exceed 10% of the actual load values. System B or the measurement with the use of only one bridge embedded in the wing’s torque box skin leads to completely incorrect readings (absolute error above 100%).




5.3. System Calibration for BRAGG FIBRE STRAIN GAUGES (OPT Section)


The calibration results for fibre optic strain gauges are presented in Figure 14 and Figure 15. The results of the bending moment measurement for both System B and System C should be considered satisfactory (error below 3%) when compared to results obtained for electrical strain gauges (Figure 9, Figure 11 and Figure 13).



The results of the shear force measurements for System B show an error rate of 40%. However, it should be noted that the measurements were taken using only one gauge (Section 3), which probably has affected the measurement accuracy. Using the readings of only one gauge placed on the spar wall (System C) to calibrate the system leads to discrepancies between the actual and measured values at a rate of 140% (beyond the scale in Figure 15). Obtained results indicate that the monitoring of shear force level based on the measurement of strain in the wall of the wing spar cannot be conducted with the use of only one sensor. This phenomenon is probably connected with local deformations of the structure which affect calibration accuracy. To achieve acceptable accuracy, a complete measuring system (Figure 2) should be used.





6. Summary and Conclusions


The paper has presented the results of the calibration of the measurement systems used to determine cross-sectional forces and moments of an unmanned aircraft’s wing. The measurements were taken using both electrical resistance and fibre optic strain gauges based on the Bragg grating method.



The tests have proven that it is not necessary to use a full measurement system consisting of three sensor groups (schematically presented in Figure 2) to measure a bending moment. A system built from only the gauges embedded in the wing spar caps enables measurements with accuracies sufficient to assess the behaviour of the structure during operation. The introduction of the results of measurements from sensors placed on the skin of the wing, and the wall of the wing spar, into the calibration procedure do not indicate a significant impact on calibration errors.



The analysis of the measurement results for shear force shows that there are significant discrepancies in the actual values (error between 12% and 40% depending on the measuring section). The obtained results also lead to the conclusion that it is only possible to determine the wing’s torsional moment with the use of a full measurement system, as presented in Figure 2.



In conclusion, linked to the fact that the bending moment is, in most cases, a load that determines the dimensions of the wing structure is the basis for the construction of simple and relatively low-cost measurement systems. If the intention is monitoring the shear force or all cross-sectional forces and moments, a complete measurement should be used.



It should also be noted that, at present, the mass of interrogators used to record data from optical strain gauges is greater than the mass of devices used for electrical strain sensors. This disadvantage is less significant if it is planned that more optical sensors will be used, because the mass of one FBG deformation sensor is insignificant compared to the mass of electric strain gauges.
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Figure 1. Wing main section load (a) and sample spanwise distribution of lift force, shear force and bending moment acting on the wing (b). 
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Figure 2. Typical positions of strain gauges making up a system for measuring cross-sectional forces and moments in the wing structure. 
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Figure 3. CAD geometry of tested wing (a) and details of carry through structures and attachment part of the test stand (b). 
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Figure 4. Strain gauges positions inside the wing structure (dimensions in mm). 
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Figure 5. Strain gauges integrated into the wing structure. 
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Figure 6. Complete tested wing and acquisition systems. 
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Figure 7. Points of application of force (The digits in the figure refer to the load cases in Table 1). 
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Figure 8. Shear force measurement error—Section II. 
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Figure 9. Bending moment measurement error—Section II. 
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Figure 10. Shear force measurement error—Section III. 
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Figure 11. Bending moment measurement error—Section III. 






Figure 11. Bending moment measurement error—Section III.



[image: Aerospace 07 00027 g011]







[image: Aerospace 07 00027 g012 550] 





Figure 12. Shear force measurement error—Section II. 






Figure 12. Shear force measurement error—Section II.



[image: Aerospace 07 00027 g012]







[image: Aerospace 07 00027 g013 550] 





Figure 13. Bending moment measurement error—Section II. 
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Figure 14. Bending moment measurement error—OPT Section. 
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Figure 15. Shear force measurement error—OPT Section. 






Figure 15. Shear force measurement error—OPT Section.



[image: Aerospace 07 00027 g015]







[image: Table] 





Table 1. Experimental load cases.
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SECTION III

	
SECTION II

	
OPT SECTION




	
Load Case

	
V

	
M

	
T

	
M

	
T

	
M

	
T




	
[N]

	
[Nm]

	
[Nm]

	
[Nm]

	
[Nm]

	
[Nm]

	
[Nm]






	
1

	
1.0 V

	
1.0 M

	
0.0

	
0.5 M

	
0.0

	
0.8 M

	
0.0




	
2

	
1.0 V

	
1.4 M

	
0.0

	
1.0 M

	
0.0

	
1.2 M

	
0.0




	
3

	
1.0 V

	
1.8 M

	
0.0

	
1.3 M

	
0.0

	
1.6 M

	
0.0




	
4

	
1.6 V

	
1.6 M

	
0.0

	
0.8 M

	
0.0

	
1.2 M

	
0.0




	
5

	
1.6 V

	
2.2 M

	
0.0

	
1.5 M

	
0.0

	
1.9 M

	
0.0




	
6

	
1.6 V

	
2.8 M

	
0.0

	
2.1 M

	
0.0

	
2.5 M

	
0.0




	
7

	
2.2 V

	
2.2 M

	
0.0

	
1.1 M

	
0.0

	
1.7 M

	
0.0




	
8

	
2.2 V

	
3.8 M

	
0.0

	
2.8 M

	
0.0

	
3.4 M

	
0.0




	
9

	
2.2 V

	
3.1 M

	
0.0

	
2.0 M

	
0.0

	
2.6 M

	
0.0




	
10

	
1.0 V

	
1.8 M

	
0.2 M

	
1.3 M

	
0.2 M

	
1.6 M

	
0.2 M




	
11

	
1.0 V

	
1.4 M

	
−0.2 M

	
1.0 M

	
−0.2 M

	
1.2 M

	
−0.2 M




	
12

	
1.6 V

	
2.8 M

	
0.4 M

	
2.1 M

	
0.4 M

	
2.5 M

	
0.4 M




	
13

	
1.6 V

	
2.2 M

	
−0.4 M

	
1.5 M

	
−0.4 M

	
1.9 M

	
−0.4 M




	
14

	
2.2 V

	
3.8 M

	
0.5 M

	
2.8 M

	
0.5 M

	
3.4 M

	
0.5 M




	
15

	
2.2 V

	
3.1 M

	
−0.5 M

	
2.0 M

	
−0.5 M

	
2.6 M

	
−0.5 M
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Table 2. Torsional moment measurement errors.






Table 2. Torsional moment measurement errors.





	

	
SECTION III

	
SECTION II




	
Load Case

	
A

	
C

	
A

	
C




	
[%]

	
[%]

	
[%]

	
[%]






	
10

	
9

	
16

	
3

	
109




	
11

	
9

	
73

	
6

	
52




	
12

	
3

	
13

	
2

	
109




	
13

	
2

	
77

	
3

	
53




	
14

	
3

	
12

	
2

	
109




	
15

	
0

	
78

	
4

	
54




	
average

	
4.33

	
44.83

	
3.33

	
81.00
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