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Abstract

:

The determination of aircraft loads in the preliminary design phase is important for the optimal design of aircraft structures. In this paper, the inflight load calculation methodology for aircraft in the preliminary design phase is formulated in the form of a computer tool developed in MATLAB/Simulink environment. In this tool (Loads Model), aircraft maneuvers are simulated, and the corresponding time histories of loads (shear force, bending moment) on the aircraft components (wing, horizontal tail, vertical tail, fuselage) are obtained, which are required for the preliminary structural design of the aircraft. The loads tool can be used to implement the design loads requirements established in “NATO RTO-45” for control configured fighter aircraft.
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1. Introduction


The structural design cannot be initiated unless the loads acting on the aircraft are accurately determined. The procedures for design loads calculation for different aircraft types are readily available in the literature [1,2]. Modern military fighter aircraft are controlled by a fly-by-wire system and carefree handling technology. Hence, the determination of loads for aircraft with carefree handling capability and a load-limiting flight control system is different from conventional methods. For the design loads determination of military fighter aircraft, the NATO RTO-45 [3] specifications have been followed, which requires a loads tool to be developed for maneuver loads estimation.



A loads model (loads tool) is a platform in which the critical inflight load cases are simulated, and the loads of aircraft for different components are determined. In this paper, a loads model is developed in the Simulink environment of MATLAB. The loads model and the guidelines defined in [3] are used to determine the flight loads acting on the aircraft that are subsequently required for the preliminary design of the aircraft structure.




2. Framework of Inflight Loads Calculation Tool


In the loads model, the flight dynamics block is linked with a feedback controller to perform the maneuvers specified in different military aircraft design standards for loads estimation. The flow of the whole loads model has been defined to present a clear picture of the load’s framework that is being used for aircraft loads estimation.



The flight dynamics model (FDM) provides the aircraft states (roll rate(p), pitch rate(q), yaw rate(r), angle of attack(α), sideslip(β), load factor (Nz)) time histories as a result of control inputs. The outputs of the flight dynamics model are used as inputs for the loads computation block, which calculates the loads acting on various aircraft components. The Loads Model developed in Simulink is shown in Figure 1. The framework of the Loads Model is shown in Figure 2.


    [      u ˙       v ˙       w ˙      ]    =  1 M   [     X     Y     Z     ]    + g  [      − s i n θ       s i n Φ c o s θ       c o s Φ c o s θ      ]    +  [      r v − q w       p w − r u       q u − p v      ]    



(1)






    [      p ˙       q ˙       r ˙      ]    =    [       I  x x      0    −  I  x z        0     I  y y      0      −  I  z x      0     I  z z        ]    − 1     +  [      L +  (   I  y y   −  I  z z    )  q r +  I  x z    (  p q  )        M +  (   I  z z   −  I  x x    )  p r +  I  x z    (   r 2  −  p 2   )        N +  (   I  x x   −  I  y y    )  p q −  I  x z   q r      ]    



(2)






    [      Φ ˙       θ ˙       ψ ˙      ]    =  [     1      s i n Φ s i n θ   c o s θ         c o s Φ s i n θ   c o s θ        0    c o s Φ     − s i n Φ      0      s i n Φ   c o s θ       c o s Φ c o s θ      ]     [     p     q     r     ]    



(3)




where u, v, and w are the velocities and X, Y, Z, L, M, and N are the moments about the body axes of aircraft, where   Φ ,   θ ,   and   ψ   are the bank, elevation, and directional angle of the aircraft.



A Dynamic Inversion (DI) Controller is implemented in the Simulink Loads Model to generate the required control surfaces deflections (δe (elevator deflection), δa (aileron deflection), δr (rudder deflection)) to make the aircraft follow desired rates (p, q, r). The NDI controller has been modeled in Simulink using the guidelines outlined in [4,5].



Aircraft Loads (Component-Wise)


The maneuver state variable time-histories of the aircraft are used in conjunction with the component-wise aerodynamic coefficients for the calculation of component lift, drag, side force, and twisting moments. The loads equations for all the components of the aircraft are formulated using the approaches described in [1,6,7,8].



The equations for the lift of the wing and horizontal tail are given in Equations (4) and (5). The equation of drag is given in Equation (6), where CL and CD are the lift and drag coefficients, respectively.
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where q∞ and Sw are the dynamic pressure and wing reference area of the aircraft. The superscript represents the coefficient of the respective component. Additionally, the change in the angle of attack due to aircraft rotational rates has also been incorporated. The equation of the wing angle of attack is shown in Equation (7).


   α w  ( t ) = α ( t ) +  tan  − 1      (    p  ( t )   y  c p  w    u − r  ( t )   y  c p  w     )   



(7)







The equations for the vertical tail are also formulated using the same approach and assumptions. Finally, the aerodynamic and inertial loads are added, and resultant shear force and bending moments at the root of the respective component are obtained.





3. Results and Validation of Loads Model


3.1. Validation with DynaFlight Results


For the validation of the tool developed in this research, the trim analysis of the Loads Model developed in Simulink for a sample aircraft is compared with the results of existing aircraft loads calculation software, “DynaFlight”.



The sample aircraft for which trim analysis has been performed is shown in Figure 3. The aerodynamic model of the sample aircraft and user interface of Dynaflight is shown in Figure 4. The mass of the aircraft is 18,500 kg.



The comparison of the trim analysis for both the software for 5G pull-up and 1G level flight conditions at 0.8 Mach (M) at sea level is shown in Table 1 and Table 2.



For simplicity and fast computation of results, panel methods are used to obtain the aerodynamic data of the aircraft. The effects of unsteady or transient aerodynamics on wing lift due to unsteady pitching maneuvers are ignored. The aerodynamic data are obtained at discrete points, and the linear interpolation is used by the built-in Lookup tables of Simulink. For simplicity, the center of pressure (CP) is kept at 0.25 of the mean aerodynamic chord (MAC) of the lifting surface.



In longitudinal trim conditions, the load is also carried by the fuselage. The load on the fuselage is not shown in the table above. The error in the wing load for the 1G condition is larger due to the way the aerodynamic data of the individual component is stored in the Simulink model. To reduce the error, the aerodynamic data of the individual components should be obtained by taking into consideration the effects of lifting surfaces present in front of the wing. The angle of attack is a flight parameter, and the difference in the value of the angle of attack (α) could be the result of different numerical solution techniques used for the solution of flight dynamics equations in both software.




3.2. A Sample Load Case According to Flight Parameter Envelopes Approach (FPEA)


A run case for determining the maneuver loads of the sample aircraft according to the guidelines of the FPEA described in [3] is shown in this section.



The combination of the normal load factor and the roll rate serves as a critical case for the rolling maneuvers. Hence, the loads for the normal load factor coupled with the roll rate have been simulated in the loads model of Simulink, and the results are shown.



The case on the flight parameter envelope as R2 in Figure 2 has been simulated in the Simulink Loads model, and the corresponding shear force and bending moment on the wing are displayed. At R2, the Nz is “5”, and the roll rate (p) is taken as “150 deg/s”.



The wing and tail loads of the sample aircraft have been found using the simulation of 2 s in Figure 5. The simulation shows the time histories of aircraft flight parameters and component loading. The time history of the value of Load Factor (Nz) along with the roll rate (p) shows that the NDI controller works fine for the tracking of desired parameters, and the components' shear force and bending moments can be determined.





4. Conclusions and Future Recommendations


The loads tool has been developed, validated, and further used to determine the loads on different components of the aircraft. Additionally, a critical load case according to the Flight Parameter Envelopes Approach (FPEA) has been simulated, and the loads on the aircraft wing and horizontal tail are determined. All the other flight parameter envelopes of the aircraft given in [3] need to be simulated for all the possible Mach numbers, altitudes, and mass states for complete loads analysis. The capability of outputting the loads time histories and having a controller for maneuver simulation makes this tool much more feasible for maneuver loads determination compared to “Dynaflight”.



The flexibility effects of the aircraft structure need to be incorporated into the current loads tool. Additionally, an aerodynamic tool for the determination of aerodynamic forces and moments in the simulation run time needs to be included in the current loads determination tool to make this tool a complete standalone loads software.
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Figure 1. Loads tool developed in Simulink. 






Figure 1. Loads tool developed in Simulink.
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Figure 2. Loads tool framework. 
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Figure 3. Aircraft model. 
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Figure 4. DynaFlight interface. 
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Figure 5. (a) Angle of attack (α), sideslip (β), normal load factor (Nz), pitch rate(q), yaw rate (r), and roll rate (p) vs. time. (b) Shear force on wing and horizontal tail, bending moment on wing root and horizontal tail root vs. time. 






Figure 5. (a) Angle of attack (α), sideslip (β), normal load factor (Nz), pitch rate(q), yaw rate (r), and roll rate (p) vs. time. (b) Shear force on wing and horizontal tail, bending moment on wing root and horizontal tail root vs. time.
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Table 1. Results for 5G pull-up maneuver.






Table 1. Results for 5G pull-up maneuver.





	Parameter
	Simulink
	DynaFlight
	Difference





	Angle of Attack (deg)
	1.4
	1.6
	12.5%



	H-Tail Deflection (deg)
	−8.9
	−9.19
	3%



	Shear Force on Wing (N)
	651,892
	658,993
	1%



	Shear Force on Horizontal Tail (N)
	−242,342
	−243,211
	0.4%
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Table 2. Results for 1G level flight condition.






Table 2. Results for 1G level flight condition.





	Parameter
	Simulink
	DynaFlight
	Difference





	Angle of Attack (deg)
	−1.36
	−1.47
	7.4%



	H-Tail Deflection (deg)
	−5.48
	−5.57
	2%



	Shear Force on Wing (N)
	363,436
	309,395
	14.8%



	Shear Force on Horizontal Tail (N)
	−211,619
	−212,509
	0.5%
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