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Abstract. In this paper, landing dynamics for a helicopter fitted with an oleo pneumatic landing
gear in the front and tail gears has been analysed with a seven degree of freedom mathematical
model. Dynamic equations have been developed using Lagrange principle to investigate the
effects of vibrations on the structure during landing phase of the helicopter. The bounce, roll,
pitch, yaw acceleration response of helicopter landing obtained by numerical simulation in
Matlab/Simulink. The developed model by Lagrange method will be useful to measure the
vibration levels on landing and taxing of helicopter with uncertainties. This approach is also
helpful to optimize the stiffness and damping properties of landing gear.

Keywords: helicopter landing gear, vibration, Lagrange principle, simulation, landing gear
properties.

1. Introduction

Landing is the most critical operational phase of a helicopter. During landing of helicopter on
the uneven surface, a large amplitude of vibrations transmitted to the helicopter fuselage structure
causing safety and comfort problems to crew and passengers. Moreover, the helicopter also
involves complex dynamics of main rotor, tail rotor, engine transmission system and flying
dynamics. Landing gear plays an important role in absorbing the shocks and vibrations due to
touch down impact and rolling on the deck or un even surface. So, the performance efficiency of
the shock absorber is very much essential to meet the variable damping requirements to cope with
varying operating conditions. Peter J. F. O. Reilly [1] presented an analytical model for dynamic
analysis of landing and taking off of the aircraft from a moving deck. Fu Shang et al. [2] derived
the SH-2Fship board dynamic model to prescribe the safe environment for taking off and landing
of a helicopter from the flight deck. In his study, energy method used for deriving equations of
motion for ship board dynamic motion and assumptions to develop a dynamic model of helicopter.
Bernard [3] studied analytic approach of helicopter ship testing simulation for an EH101
helicopter and CPF ship model. Black well and Feik [4] have described a mathematical model of
a helicopter landing on an arbitrarily moving deck. The mathematical model of two main oleo and
single tail oleo developed and analyzed for oleo load and oleo deflection for deck landing. Kim
and Tilbury [5] presented a six degree of freedom mathematical model for a helicopter to
investigate the combined action between fly bar and the main rotor blades make it easier for a
pilot to fly. Li pan and Chen Renliang [6] presented a helicopter comprehensive analysis by
developing a mathematical model with the feature of flexibility and mathematical simplicity. Tulio
Salazar [7] developed a mathematical model for a helicopter with a main rotor hub and tail rotor
configuration to simulate flying behavior of the helicopter. An active landing gear behavior was
demonstrated by Sivakumar and Haran [8] by developing six degree of freedom mathematical
model of full aircraft with tricycle landing gear configuration. The author has investigated
non-linear analysis of oleo pneumatic landing gear in [8]. Most of the papers have shown the two
degree of freedom mathematical model of single landing gear. This model does not include pitch,
roll and yaw degrees-of-freedom. The effects of longitudinal and lateral interconnections cannot
be studied in the two degrees-of-freedom system model. In this study, the seven degree of freedom
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math’s model of helicopter with landing gear has been developed using Lagrange method for
landing dynamics of helicopter.

2. Mathematical model formulation

The full helicopter dynamic model built by considering typical US-Navy sea hawk helicopter
version. The helicopter fuselage body or concentrated mass M is free to bounce, roll, pitch and
yaw. The fuselage mass M is connected to the three lumped masses m,, m; and m,. which are tail,
front left and front right landing gears piston and tire viewed from front. The front landing gears
are called left and right main landing gears and the rear one is called tail landing gear. They are
free to bounce vertically with respect to the fuselage mass. The full helicopter model contains four
degrees-of-freedom for the helicopter fuselage mass (bounce, roll, pitch, yaw), and three
degrees-of freedom for the vertical motions of the tail landing gear tire mass and for the front main
landing gears tire masses. In this work, the seven degrees-of-freedom vibration model of the full
helicopter as indicated in figurel.This model represents bounce, pitch, roll and yaw motion of the
helicopter as x, a, y, ¢ about the axes respectively. The displacements and ground excitations of
the left, right and tail main landing gears as x4, x,, X3 and y;, ¥, ¥3.

The stiffness and damping constants of left shock strut, right and tail gear shock struts indicated
as kq, k,, k3 and G4, G,, G5. The stiffness and damping constants of left gear tire, right and tail
gear tires is denoted as ¢4, ¢;, ¢3. and Gy, Gy, G,.The tail landing gear is located at a distance of d
from centre of gravity (C.G) position. The main landing gears positioned at e-distance from C.G.
b-distance from C.G to left main landing gear. a-distance from C.G to right main landing gear.
The dynamic equations have been derived by considering x, ¢, @, y for bounce, yaw motion along
vertical axis, pitch about lateral axis and roll about longitudinal axis. In this study, helicopter
aerodynamic forces and rotor thrust are not taken in to account. In this work, the helicopter landing
dynamics equations are written by using Lagrange principle from the model as in Eqgs. (1)-(15).
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Fig. 1. Mathematical model of helicopter with landing gears
Total kinetic energy (K) is calculated as:

o 1 . . 1 1 . 1 .
K = mez + EIxxVZ + Elyyaz + Elzzqiz + §m1x12 + Emrxzz + Emtxf. )

Total potential energy (U) is calculated as:
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1 1
U= Ekl(x —x, — by — ea + hp)? +Ek2(x — X, —ay —ea + hg)?
1 1 1
+ Ek3(x —x3+da+hy+jp)?+ 563(361 —y)+ Ecz(xlcose — y,c0s6)?

1 1 1
+ Ecl(xlcosé? — y,c050)? + 563(352 —y,)% + Ecz(xzcose — y,c0s6)?

1 1 1 2
+ Ecl(XZCOSQ — y,c0s6)? + 503(x3 ) Ecz(x3c059 — y5c0s6)?
1
+ 56 (3050 — y3050)? + i, Ry (1058 — y;€058) + piy Ry (1080 — y;cos6)
+ Uy Ry (x,c0s0 — y,cos0) + py, Ry (x,cos0 — y,cos6) + u, Ry (x3c0s6 — yscos
Ry( 0 6) + pyRy( 0 0) Ry( 0 0)
+ 1y Ry (x3c056 — y3cos6).
Total Dissipative energy (D) is calculated as:
1 . . . 1. . . .
D= EGl(x — %, — by — ed + h¢)? +EG2(x — X, —ay — ed + h@)?
1 1 1
1 1 1
+ EGx(J‘clcosﬁ — y,c0s0)? + EGZ(J'CZ ) EGy(J'czcose — y,c0s60)? 3)
1. . i 1. . .
+ EGx(xzcose — y,c0s6)? + EGZ(x3 —y3)% + EGy(xg,cose — y3c0s60)?
1
+ EGx(xgcose — y3c0s6)2.
By applying Lagrange method:
d(aK) 8K+6D+6U_ 4
ar\aqy) " 9qx "9 T oan @
dx = f(x' X1,X2, X3, Y, & P, Y1, y21y3)'
qx = f(fc, X1,%2, X3, Y, &, @, V1, V2, )73):
d (0K , , . ) , ) ;
pr <6—qk) =mi + L,y + Lyd + I, ¢ + mi, + m.%; + mis, %)
aD
ﬁ = _Glbx + Glbxl + Glbz)'/ + Glbed - Glbhgb - Glxe + GlJ'Cle + Glbef/
k
_Glheq') + Glezd + Gl xh - Glxlh - Glbyh - Gledh + Glhzfp + Gzax - GzaxZ (6)

+Gza2]./ - Gzaed + Gzah(p - sze + szze - Gzae]./ - Gzhe(p + Gzezd + GZ xh
_szzh + Gza]'/h - Gzedh + Gzhz(p - G3dx + G3di‘3 - G3dha - G3dhy + G3d]§0
+G3d2d + G3 .Q'CT - G3X3T + G3T]7h + ngd?’ + G3T2§b,
au
ﬁ = —k,bx + k bx; + k b?y + k,bea — k;bhe — k xe + k,x,e + k bey — k heg
k
+kie?ak,xh — k;x;h — k;byh — kjeah + k;h?@ + kyax — kyax, + k,a?y — kyaea 7
+kyahg — kyxe + kyx,e — kyaey — kyheg + kye?a+kyxh — kyx,h + kyayh
_kzeah + kzhz(p + k3hx - k3hX3 + k3h2y + k3dha + k3‘l"h(p + k3xd - k3X3d
+ksdhy + ksdre + ksd?a + ksxr — ksxsr + ksryh + kydar + kyr?e.

The matrix formulation is written as (8):

MX +CX+KX =0, (8)
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M 0 0O 0 O 0 07 %
0o ,, 0 0 O 0 0 fﬂ
o o r, 0 O 0 0 a
[M]=|0 O 0 I, O 0 0 (< ¢r+I[C]
0 0 0 0 m O 0 |]%;
0 0 0 0 0 m, O0]]|%
[0 O 0O 0 O 0 md\i;
St 0 0 0 0 0 O7(x
0 s, 0 0 0 O Of}|vy
0 0 S35 0 0 0 Ofla
=0 0 0 S, 0 0 0o +I[K]
0 0 0 0 S 0 O0flx
0 0 0 0 0 S O0lfx,
[0 0 0 0 0 0 S1\x;
T, 0 0 0 0 0 O07,x
0O 7, 0 0 0 O O]y
0 0 T; 0 0 0 Ofja
=0 o o T, 0 0 O0|{¢}=1{0}
0 0 0 0 Ts 0 Offx
0 0 0 0 0 Tg Olix
[0 0 0 0 0 0 T,1\xs
where:

S, = 2(=Gyb — Gye + Gih + Gy — Gye + Gyh — Gad + Gsh + Gs7),

S, = y(G,b? + G be — Gbh + G,a® — Gyae + G,ah — Gzdh + G3h? + G3Th),

S; = @(G be + G,e? — Gyeh — Gyae + G,e? — G,eh — G3d + G3d? + Gsdh),

Sy, = 9(—G,bh — G,eh + G h? + G,ah — G,eh + G,h? + G3dr + GsTh + G372),

Se = %,(Gyb + Gye — Gyh), Sg = %p(—Gpa + Gye — Gyh), Sy = %3(Gsd — Gsh — Gar),
T, = x(—k,b — kye + kyh + kya — kye + kyh — kad + ksh + k),

T, = y(kyb? + kybe — kybh — kyae + kyah + kya? + ksh? + kyrh + ksdh),

T; = a(+k be + kie? — kieh — kyae + kye? — kyeh + k3d? + ksdh + k;dr),

T, = @(—k,bh — kyhe + kyh? + kyah — kyeh + kyh? + kadr + ksrh + kyr2),

Ts = x,(kie — kih + kib), Tg = x,(—kya + kye — kyh), T, = x5(—ksh — kyr — k3d).

The Eqgs. (9)-(15) can be solved separately in Matlab/Simulink as:

mi + S, % + Tyx = 0, )
Ly + S27 + T2y = 0, (10)
Iy, + S3a + Tza = 0, (11)
L@ + 5S40 + Ty = 0, (12)
ml.jél + Ssxl + T5x1 = 0, (13)
m-r-jé'z + 56562 + T6X2 = O, (14)
mtx'g, + 573‘6'3 + T7X3 =0. (15)

3. Landing simulation

The Simulink model of typical helicopter with landing gear system has been developed from
the dynamic equations written in Section 2 as shown in Fig. 2. Several trials of numerical
simulations can be done by using this Simulink model set up. The helicopter of fuselage mass
9000 kg is considered for numerical simulation. The helicopter and landing gear parameters used
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for numerical simulation has taken from Blackwell and Feik [4] tabulated in Tablel and Table 2.

Asper FAR 23.725, recommended free drop height range for both MLG and NLG is minimum
9.2 in and maximum 18.7 in. In this simulation, the higher value of 0.4 m is taken for landing.
simulation in Matlab/Simulink environment and landing gear touches the runway at 2.5 s on even
ground. During landing simulation both the main landing gears touch first and the tail landing gear
later. The vertical acceleration, pitch, roll, yaw acceleration responses due to touch down impact
of the main landing gear in time domain is presented in the Fig. 3-6.

p

To Workspace1 To Workspace3
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Step2 q 1
5 "l s ’
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X
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Fig. 2. Simulation set up in Matlab/Simulink environment
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Fig. 3. Bounce acceleration response Fig. 4. Roll acceleration response
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Fig. 5. Pitch acceleration response Fig. 6. Yaw acceleration response

Results shows that vertical acceleration is not settled within a short time. The bounce, roll,
pitch and yaw acceleration levels are damped within 2 to 4 secs. The settling time is very less for
the helicopter to become stable. The trend of the results for a typical simulation is qualitatively
matching with the reference given in [4]. It is very difficult to do the real time experimental
validation with the typical helicopter. In future study, the typical helicopter has been developed in
other Multi body dynamics software’s like ADAMS or LMS to do landing dynamics.
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Table 1. Helicopter parameters

Description Symbol | Value | Units
Helicopter fuselage mass M 9000 kg

Mass moment of inertia about XX axis | 9.0e3 | kg.m?

Mass moment of inertia about YY axis L,y 6.3e4 | kg.m?

Mass moment of inertia about ZZ axis 1, 6.0e4 | kg.m?
Distance from C.G to tail gear d 33 m
Distance from C.G to horizontal axis of main gear e 1.5 m
Distance from C.G to left main landing gear a 1.4 m
Distance from C.G to right main landing gear b 1.4 m

Table 2. Helicopter landing gear parameters

Parameter | Main gear | Tail gear | Units | Parameter | Main gear | Tail gear | Units
kq 3.6e5 — N/m Cy 4.5e5 6.0e5 N/m
ko 5.0e6 — N/m C3 1.2e6 1.0e6 N/m
ks — 2.0e6 N/m G, 2.0e4 2.0e4 N.s/m
Gy 2.2¢4 - N.s/m Gy 2.0e4 2.0e4 | N.s/m
G, 4.0e4 - N.s/m G 1.0e4 1.0e4 N.s/m
G; — 3.0e4 N.s/m Uy 0.7 0.7 -
1 1.4e6 8.0e5 N/m Uy 0.7 0.7 -

4. Conclusions

In this research work, helicopter with landing gear seven degree of freedom mathematical
model using Lagrange method has been developed to investigate dynamic response. The response
of bounce, pitch, roll, yaw accelerations are obtained to verify the developed model. The responses
are stable. This numerical simulation procedure is helpful to check the vibration levels of aircraft
during landing and taxing on the various ground uncertainties. By using this model, the stiffness
and damping coefficient of landing gear component obtained experimentally during drop test can
be evaluated theoretically. This procedure enables the designer to optimize the design parameters
of landing gear in the initial design stage itself for achieving better performance of landing gears.
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