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Abstract
This paper addresses the mathematical modelling of aircraft landing gear based on the shock absorber system’s dynamics andexamination of results depending on different touchdown scenarios and design parameters. The proposed methodology relieson determining an analytical formulation of the shock absorber system’s equation of motion, modelling this formulation on themodel-based environment (Matlab/Simulink), and integrating with an accurate aircraft nonlinear dynamic model to observe theperformance of landing gear in different touchdown or impact velocities. A suitable landing performance depends on differentparameters which are related to the shock absorber system’s working principle. There are three subsystems of the main systemwhich are hydraulic, pneumatic, and tire systems. Subsystems create a different sort of forces and behaviors. The air in thepneumatic system is compressed by the impact effect so it behaves like a spring and creates pneumatic or air spring force so themost effective parameter in this structure is determined as initial air volume. Hydraulic oil in the receptacle of the hydraulic systemflow in an orifice hole when impact occurs so it behaves as a damper and creates damping or hydraulic force. The same workingprinciple is acceptable for the air in the tire. The relationship between tire and ground creates a friction force based on dynamicfriction coefficient depending on aircraft dynamics. As a result of this study effect of the impact velocity and initial air volumeparameters on the system are examined and determined by optimization according to maximum initial load limits of aircraft anddisplacement of strut and tire surface.
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1 Introduction

Shock absorber systems have essential roles in aircraft structure. Accidents occur during both landing and takeoff. Shock absorber systemsin landing gear can absorb the touchdown loads. This system needs to be designed and controlled as it can provide a health touchdowncondition before the manufacturing process. There are two controlling ways observe the system’s qualification. The first one is an empiricalway that needs to test apparatuses [1]. Applying this way is expensive because there is a mechanic system to observe touchdown condition.The second way is the analytic or simulation method. In this method, the dynamics of shock absorber systems, equations of motions, tirebehaviors etc. are simulated in computer programs (Matlab/Simulink) [2, 3, 4, 5].In addition, according to international regulations and literature, there are a few landing conditions (three-point landing, two-pointlanding) [6, 7, 8]. These conditions directly affect the response of the system. In one-gear landing conditions, the aircraft is in the level
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attitude. In this condition aircraft contact the runway on one main landing gear and touchdown velocity is the most important parameterfor the shock absorber to healthy landing. In two-point landing conditions, load factors and pitching accelerations are changed by time.Main gear landing loads are critical in this condition. Changes in load factors are caused to differences in landing gear systems designparameters. Examples of these parameters are hydraulic characteristics and oleo length. In three-point landing conditions, pitchingacceleration is equal to zero. the nose gear system and its structures are generally critical in this condition and the nose landing gear carries%15 of the total weight of the aircraft in the static position [9]. One of the main function of the landing gear systems is the compensation ofthe maximum critical load. The critical parameter which is the most important input to the model is a vertical component of touchdownvelocity. It directly affects the motion. Some experiments show the critical touchdown velocity is between the 3 – 5 m/s [10].
The discharge coefficient which is determining the buffer damping force is generally determined between 0.8-0.82 which is related to thehydraulic flow motion [1]. The oleo-pneumatic shock absorber system has a few subsystems. In this system, the air is directly used to storethe impact energy. Air works like a spring and produces a spring force (air spring force). Air spring force depends on a few parameters.For instance, the initial pressure of air which is generally determined firstly is can be calculating if the air vehicle mass is known. So,initial pressure is a main design parameter. Desired air spring deflection is observed in static position of the air vehicle may determinethis parameter. The other store part for impact energy is the hydraulic damping. The behavior of hydraulic oil during correspondingimpact force is the product of hydraulic force. The tire which is working as a spring is needed to bear all produced forces. The tire springcharacterize is the most important parameter that can directly affect the tire behavior [11].
Different coefficients of friction in different runway conditions cause frictional force variation between the aircraft and the runway. Changein friction force affects the friction force which is normal to the axis of the shock strut and friction force at the tire in the horizontal direction.The dynamic friction coefficient between the tire and the runway is not a constant value and can be expressed as a dependent function offorward velocity (u), the forward speed of the aircraft in the x direction. There is an inverse proportion between forward speed and dynamicfriction coefficient.
the shock absorber landing gear system is simulated with the integration of aircraft non-linear dynamic model in this paper. The mostimportant parameter that is impact velocity, is considered when landing maneuver scenarios creates. In this study, we want to develop agenerical model of the nose and main landing gears.
2 Methodology

In this section, the oleo-pneumatic shock strut system dynamic is explained and modelled. Figure 1 shows the schematic view of theoleo-pneumatic shock strut where Aa is the net pneumatic area, An is the net orifice area, Ah is the net hydraulic area.

Figure 1. Schematic view of the oleo-pneumatic shock strut [15].

Mathematical model

Pneumatic force
The mathematical model of the pneumatic force in shock strut is given as:

Fa = AaPa0
( vo

v0 – SsAa

)n , (1)

Ss = Z1 – Z2
cosϕ , (2)
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where Fa is the pneumatic force (air-spring force), Aa is the pneumatic area, pa0 is the initial strut air pressure, v0 is the initial air volume,
n is the effective polytropic exponent for the nitrogen-compression process, Ss is the deflection of the shock strut, Z1 and Z2 are the verticaldisplacement of sprung (aircraft structure) and the unsprung mass respectively and α is the anteversion angle of the strut [12, 13].
There are many reasons why nitrogen is used instead of air in the damper system. Firstly, since the air contains oxygen and hydrogen,moisture formation may be observed during operation and this may increase the risk of cavitation. Therefore, using nitrogen is moreadvantageous. Secondly, during operation, the nitrogen internal pressure is more consistent than the air internal pressure. Thirdly, sincethe density of nitrogen is greater than the density of air, it can keep the damper pressure longer period of time. Finally, since nitrogen is aninert gas, it does not react with other damper components [14].
Hydraulic force

The main orifice hydraulic force is:

Fh = ρ

 A3
h2A20C2

d

 |Ṡ|Ṡ, (3)

1
Cd

= 1
0.827 – 0.0085 l

d
+ 20

Re

(1 + 2.25 l
d

) , (4)

where Fh is the hydraulic force, ρ is the density of the fluid, Ah is the hydraulic area, A0 is the sectional area of the orifice inlet, Cd is thedischarge coefficient, Ṡ is the stroke telescoping velocity, Re is the Reynold number, l is the orifice length, d is the orifice diameter. Hydraulicforce is the measurement of the pressure loss between the ends of the shock absorber. The discharge coefficient is calculated to find therelationship between the shock absorber hydraulic force and the strut telescoping velocity. In this paper, the l/d ratio was assumed as greaterthan 2. In line with the assumptions, the formula in Eq. 4 was used. According to the researches, Cd value was determined approximately0.8 and the Cd value was assumed as 0.8 in [1, 15].
Friction force

The internal friction force in shock strut is;
Ff = Ṡ

|Ṡ| |FNα| [(µ1 + µ2) l2 – S
l1 + S + µ2

] , (5)

FNα = w
g Z̈1 sinα + Fvg sinα – W2 sinα – Fhg cosα, (6)

Fhg = Fvgµgr, (7)
where Ff is the friction force, Ṡ is the stroke telescoping velocity, FNα is the force normal to the axis of the shock strut applied at axle, µ1 is
the friction coefficient between inlet cylinder and stroke surface above the orifice area, µ2 is the friction coefficient between inlet cylinderand stroke surface at below the orifice area, l1 is the distance between the axle and orifice area, l2 is the distance between orifice area andupper of landing gear, α is the anteversion angle of shock strut, Fvg is the vertical force of tire, Fhg is the horizontal force of tire, µgr is the
friction coefficient between ground and tire. There are two sources of friction which are tightness of seal and deformation of shock strut.The friction forces acting on the direction of strut were considered [16].
Tire force

Vertical tire force which is acting during the landing progress results from the tire compression is given by:
Fvg = (1 + Ż2CT)fZ2, (8)

where Ż2 is the tire hub vertical velocity, CT is the vertical damping coefficient of the tire, fZ2 is the tire static compression curve. Figure 2shows the tire footprint. Where P is the internal tire pressure, RL is the loaded radius, D0 is the diameter of tire, d is the collapse distance.The dynamic friction coefficient changes depending on the forward speed of the aircraft in the x direction. The equation for the variabledynamic friction coefficient is given in below;
µ(λ,ν) = eC4λν[C1(1 – e–C2λ) – C3λ], (9)

where C1 is the friction curve maximum value, C2 is the friction curve shape, λ is the slip ratio, µ is the aircraft forward speed, C3 is thedifference between the maximum value at λ = 1 and the maximum value of the friction curve, C4 is in the range of 0.02 – 0.04s/m . For dryconcrete condition parameters which used in this paper are: C1 = 1.2801, C2 = 23.99, C3 = 0.52 and C4 = 0.03s/m [17]. Figure 3 shows therelationship between slip ratio and friction coefficient.
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Figure 2. Tire footprint.

Figure 3. Relationship between λ and µ at different horizontal landing speeds [17].

Equations of motions

Tire rotation and deformation in horizontal direction are not considered, the nonlinear equations of motions are given below;
m1Ż1 = m1g – (Fa + Fh + Ff ) cos(α), (10)

m2Ż2 = m2g + (Fa + Fh + Ff ) cos(α) – Fµ, (11)
where Z1 and Z2 are the vertical displacements of sprung (aircraft structure) and unsprung mass respectively [1]. Figure 4 shows the landinggear forces. R(l,u)(x,y) is the bearing reaction force at lower and upper, FH is the hydraulic force, FA is the air spring force, Ff is the friction
force, Fvg and Ft are vertical and horizontal forces, α is anteversion angle of shock strut [18]. Figure 4 shows the free body diagram of thetotal system as two degrees of freedom.
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Figure 4. Forces on landing gear [1] and free body diagram of landing system.

3 Plant model development

Figure 5 shows the schematic of Simulink model. There is not any pneumatic force effect on aircraft at the initial time because there shouldbe a reaction force of the pneumatic system to hold the airspring force. There is a pneumatic force but it does not affect aircraft forceequilibrium. So, the initial force of the pneumatic system subtracts from the total strut force which directly affects the equations of motion.Figure 5 also shows the schematic of the flight dynamic model and dynamic friction coefficient connection. Since the forward speed of theaircraft ν is a parameter that affects the dynamic friction coefficient function, the aircraft non-linear dynamic model is also considered inthis paper. Figure 6 shows the results of dynamic friction coefficient’s results depends on aircraft dynamics.

Figure 5. Schematic of Simulink model.

Figure 6. Dynamic friction coefficient results.
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Table 1 shows the values of shock absorber system parameters.
Table 1. Parameter values and units
Parameters Values Units
Aa 0.014 m2
Ah 0.013 m2
An 0.0006412 m2
n 1.6 –
ϕ 0 deg
k 950000 N/m
CT 25000 Ns/m
µ1 0.006 –
µ2 0.006 –

4 Simulation results

To assess the optimum landing performance of an aircraft without any structural damage this section presents a series of simulation resultsthat illustrate the behavior of the shock absorber system reacting to different impact velocities and initial air pressure in pneumatic system.According to the results of applying different impact velocities (2 m/s, 3 m/s, 4 m/s) to system, the displacement of sprung and unsprungmass increase proportionally with increase of impact velocities. Maximum displacement in sprung (strut) mass determined as 37.55 cmand displacement of unsprung (tire) mass determined as 15.31 cm in 4 m/s condition. Maximum loading on sprung mass that is criticalstructure was determined as -5.6 g and loading on unsprung mass was determined as -11.85 g. The passing time of damping of systems isinversely proportional to impact velocities because higher impact velocity creates more energy to absorb as shown on Figure 7 and Figure 8.According to the examination of these results, optimum impact velocity is determined as 3 m/s. Because, according to the design limits ofsprung mass, the maximum load should be under -4.5 g. To reach the optimum performance, the impact velocity should be determinedaccording to minimum damping time, maximum load below structural limits. Forces acting on the system according to different impactvelocities as shown in Figure 9 and Figure 10.

       

        

 

   

   

   

   

 
 
  
 
 
  
 
 
  
 
 

                                                                                             

                        

                        

                        

       

        

  

  

 

 

 

 
 
  
 
 
  
 
 
  
 
  
 
  
 
  
 
  
 

                             

                             

                             

       

        

  

  

  

 

 

 

 
 
  
 
 
  
 
 
  
 
 

                            

                            

                            

Figure 7. Sprung mass equations of motion results according to different impact velocities.



54 | Mathematical Modelling and Numerical Simulation with Applications, 2022, Vol. 2, No. 1, 48–58

       

        

 

    

   

    

   
 
 
  
 
 
  
 
 
  
 
 

                                                                                               

                        

                        

                        

       

        

  

  

 

 

 

 
 
  
 
 
  
 
 
  
 
  
 
  
 
  
 
  
 

                             

                             

                             

       

        

   

   

  

 

 
 
 
 
  
 
  
 
 

                            

                            

                            

Figure 8. Unsprung mass equations of motion results according to different impact velocities.

Figure 9. Forces acting on the system results according to different impact velocities.
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Figure 10. Forces acting on the system results according to different impact velocities.

       

        

 

   

   

   

   

 
 
  
 
 
  
 
 
  
 
 

                                                                                                

                       

                       

                       

       

        

  

 

 

 

 
 
  
 
 
  
 
 
  
 
  
 
  
 
  
 
  
 

                            

                            

                            

       

        

  

  

 

 

 
 
 
 
  
 
  
 

                           

                           

                           

Figure 11. Sprung mass equations of motion results according to different initial air pressure.
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Figure 12. Unsprung mass equations of motion results according to different initial air pressure.

Figure 13. Forces acting on the system results according to different initial air pressure.
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The system has also been simulated by applying 5 MPa, 6 MPa and 7 MPa initial air pressures with the 3 m/s impact velocity scenario,damping occurs in a short time of the displacement of sprung and unsprung mass in 7 MPa initial air pressure condition. In addition, wheninitial air pressure increases, the pneumatic force dramatically increases. The maximum sprung mass displacement was observed in 5MPa initial air pressure condition as value of 32.15 cm as shown in Figure 11. The maximum unsprung mass displacement is observed in 7MPa initial air pressure condition as value of 15.32 cm shown in Figure 12. The maximum loading on sprung mass is measured as -4.3 g atsprung mass in 7 MPa initial air pressure condition. The loading on unsprung mass is measured as -8.99 g at unsprung mass in 5 MPainitial air pressured shock absorber. According to the result of applying different initial air pressure, low pressure is more effective forsprung mass, high pressure is more effective for unsprung mass. Because high pressure in the pneumatic system behaves high springcoefficient, it creates more force and more loading but low pressure creates more oscillations and high damping time as shown in Figure 13.To sum up of the results, the most effective parameter on loading is determined as impact velocity so it is determined firstly, initial airpressure is scaled for reach optimum loading, tire deflection and damping time.

Figure 14. Forces acting on the system results according to different initial air pressure.

5 Conclusion

Landing gear shock absorber systems have a critical role in aircraft touchdown conditions. Because, there is an impact energy thatneeds to damping. It is important for safe landing condition. Landing gear shock absorber system dynamics have to be modelled beforethe manufacturing process to observe systems response. Thus, critical conditions can be predicted before a real flight and landing.Traditionally, landing gear characteristic observes with test apparatuses. This way takes a long time and more cost. However, landing geardynamics which is modelled in model based environment such as Matlab/Simulink is cheaper and saves time. The paper has presented aperspective for shock absorber landing gear systems integrated to aircraft dynamics performance criteria. The proposed methodologyrelies on determining an analytical formulation of shock absorber system’s equation of motion, modelling this formulation on model basedenvironment (Matlab/Simulink) and integrating it with accurate aircraft nonlinear dynamic model to observe the performance of landinggear in different touchdown or impact velocities. Air spring force, hydraulic force, tire force, friction force and stroke position are the mostimportant outputs of system to examine the results. The behavior of the system under different initial air pressure and impact velocitiesare investigated and determined with results for suitable landing gear performance. The relationship between tire and ground creates afriction force based on dynamic friction coefficient depending on aircraft dynamics. The quality of the result obtained clearly indicates thatthe approximation of founding optimum impact velocity and initial air pressure are suitable to aircraft and landing gear design limits.In this paper, the performance of the designed landing gear under different impact velocities and different design parameters has beeninvestigated. In studies on landing gear design and optimization, the effect of changes in parameters such as air pressure and impactvelocities on the system can be examined and system outputs can be compared with reference to this article. Therefore, this study willcontribute to the developing and designing process of a landing gear for a new aircraft with decreasing time and economical aspects in thefuture.
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