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Abstract. The influence of anti-braking system on the shimmy region and oscillation
characteristics of the nose landing gear is studied. The moment generated by the braking system
is modeled as a function of the adhesion coefficient and the torsional oscillation speed, and it is
incorporated into the landing gear oscillation non-linear dynamic model. The results of analysis
show that the braking frequency is increased by 50%, the area of the lateral dominant shimmy
region is increased by 6.9%, the area of the torsional dominant shimmy region is reduced by
18.8%, and the amplitude of the torsional oscillation is suppressed. The braking amplitude is
increased by 22%, the area of lateral dominant shimmy region is decreased by 3.1%, and the
area of torsional dominant shimmy region is increased by 15.5%.
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1. Introduction

Landing gear oscillation can impact its own structure and sometimes even cause
serious safety accidents. The nose landing gear is more likely to oscillate during high-
speed taxiing on the runway than the main landing gear|1]. Therefore, the study on the
shimmy of the nose landing gear and the analysis of its influencing factors are very
important to improve the safety of aircraft. Von Schlippe et al. [2] proposed a tire
tension model to describe the interaction and vibration of the tire with the ground while
it is rotating. Based on this theory, Thota et al. [3,4,5] coupled the torsional shimmy of
the strut with the lateral shimmy, proposed a multi-degree-of-freedom coupled
oscillation model of the nose landing gear, and used the bifurcation theory to analyze
the effects of different types of shimmy on the dynamics of the landing gear. Based on
the dynamic response and stability analysis of the landing gear oscillation damper,
Arreaza et al. [6] proposed that the kinetic energy of the aircraft is transferred to the
wheels and used as the main energy source to excite the oscillation. With the further
research on shimmy analysis and modeling, the focus of current research has turned to
the analysis of influencing factors of shimmy. Rahmani et al. [1,7,8] studied the effects
of coulomb friction and clearance connecting rods on the shimmy of the nose landing
gear. Thota et al. [9] studied the effect of changes in tire inflation pressure on the
shimmy of the nose landing gear. Feng et al. studied the effects of wheel distance [10]
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and torsional damping [11] on the shimmy area and topological structure of the nose
landing gear. In order to study the influence of anti-braking system on landing gear
shimmy, Yin et al. [12,13] established a physical model of coupling landing gear with
braking wheel in LMS Virtual Lab Motion software, and used this model to study the
influence of tire structure parameters and braking moment on landing gear shimmy
stability. Chen et al. [14] set up a landing gear dynamic model in Simcenter 3D
software to analyze the influence of symmetric and asymmetric brakes on the landing
gear multi-degree of freedom coupled shimmy.

From the above literature, the impact of anti-braking system on landing gear
shimmy is mainly focused on the impact of amplitude and shimmy speed. The research
method mainly uses multi-body physical model combined with finite element analysis.
Although this method can accurately identify the mechanical behaviour of each
subsystem under different conditions, it can not meet many design updates in the
optimization process when design optimization of the system is needed. In view of the
above shortcoming, this paper establishes a mathematical model describing the braking
and shimmy of landing gear, and models the moment generated by braking process as a
function of the adhesion coefficient and the torsional shimmy speed. The study on the
influence of anti-braking system on the shimmy region and oscillation characteristics of
nose landing gear is carried out, which provides a reference for the design and structure
optimization of aircraft nose landing gear.

2. Modeling of Landing Gear Shimmy and Braking Dynamics
2.1. Dynamic Modeling of Landing Gear Shimmy

Figure 1 shows the structural diagram of the nose landing gear. The nose landing gear
is connected with the fuselage and has a certain front rake angle ¢ with the ground.
When the aircraft taxis on the runway, the load imposed by the fuselage on the landing
gear will cause the landing gear to produce torsional shimmy(shimmy angle y) around
the strut axis and lateral shimmy(shimmy angle §) around the fuselage axis. Under the
joint influence of the two shimmy and the ground, the contact part between the tire and
the ground will produce lateral deformation(deformation 1).

:‘. 5

(a) front view (b) side view

Figure 1. View of nose landing gear structure

The dynamic equations of torsional and lateral shimmy can be expressed as
equations (1) to (3).
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Equation (1) is the balance equation describing the degree of freedom of the landing
gear torsional shimmy, where Mp is the combined moment [15] of the torsional
restoring moment and the tire lateral restoring moment, as shown in the following
equation (4).

My :Mka+ea/ka)\ (4)
Where My, is the torsional restoring moment and Fj, is the lateral restoring force

of the tire, which can be calculated by equation (5) and equation (6) respectively.
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where a=tan™ ()/L) is the function of tire lateral deformation A and relaxation length L.

Equation (2) is the balance equation describing the degree of freedom of the landing
gear lateral shimmy, where M)s is the lateral restoring moment of the tire deformation,
as shown in equation (7).

M,s= L, Fycos (3 cosp)cosp @)

Equation (3) is the tire lateral deformation balance equation based on the tire
tension theory, which can be regarded as the algebraic sum of the tire lateral
deformation equation caused by torsional and lateral shimmy [3]. The meanings and
values of parameters in this paper are shown in table 1 (some values in table 1 are from
literature [1], literature [4] and the Internet).

Table. 1. Parameter meanings and values in the model

Parameter Description Value Parameter Description Value
€eif effective caster length 0.2606 m R tire radius 0.362m
L, strut length 2.5m h length of tire contact path 0.1m
ky torsional stiffness  3.41%*10° Nm/rad c damping ?[iorzfﬁment of 570Nm?/rad

. : torsional restoring
Cy torsional damping 110 Nm/rad kq coefficient Im/rad
1, torsmngl m(.)ment of 100kg*m? K lateral res.tormg 0.01/rad
inertia coefficient
ks lateral stiffness 3.24*10° Nm/rad L tire relaxation length 0.3m
[ lateral damping 1 Nm/rad Ol slip angle limit 0.1745rad
I, latera! moment of 600kg*m?> r strut radius 0.07m
inertia
[0} front rake angle 0.2571rad M aircraft mass 18000kg
coefﬁcller.lt of dry 0.002 C cgefﬁglent of 03415
friction air resistance

2.2. Aircraft Brake Dynamics Modeling

The force analysis of the aircraft during braking is shown in figure 2. F; is the adhesion
force between the ground and the tire during braking, and F,is the air resistance during
braking. They are represented by equations (8) and (9) respectively.
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Fi=p-Mg (8)
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Figure 2. Force analysis of the aircraft during braking

When the anti-braking system is not started, there is no relative sliding between the
tire and the ground, and the adhesion force F; is zero. On the contrary, the tire slips
relative to the ground, thus creating a adhesion force [16]. In conclusion, based on the
analysis of figure 2, the braking dynamic equation of the aircraft during taxiing is
shown in the equations (10) and (11).

MV=-p-Mg—C-V? (10)

széu-Mg-R—MMﬁ (11)

Equation (10) is the balance equation describing the horizontal speed V of the aircraft,
where C is the air resistance coefficient and p is the coefficient of the adhesion force of

the tire and the ground, which can be calculated by the following equation (12) [17],
where R is the tire radius.

f=0.8sin (1.5344tan’1 <14.0326 w» (12)

Form (11) is a balance equation describing the angular speed of a tire, where Mo

is the moment applied to the tire by the anti-skid braking system. To ensure the
operability of an aircraft during braking, this moment is usually a variable over time,
and it is often simulated by a sine function in engineering [18]. The braking moment in
this paper is expressed by the following equation (13).

My, = Amp sin (27ft) + Amp (13)
Where Amp is the braking amplitude and f is the braking frequency.

2.3. Moment Generated by Actuating the Brake System

From M, in equation (1) is the moment generated by the force acting on the landing

gear strut when the braking system is activated, which hinders the torsional shimmy of
the strut, as shown in the equation (14). Where r is the radius of the strut and F; is the
tangential component of the force on the strut. As shown in figure 3, the forces are
shown in Formulas (15) and (16).

Mb:T"Ft (14)
F=F¢,+F,. (15)
|F| =uF,o (16)
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Figure 3. Decomposition of forces on landing gear strut Figure 4. Model accuracy verification

Where F, is the load applied on the strut, and o is the dry friction coefficient between
the inner and outer cylinders of the strut. According to the torsion speed of the strut, F,
can be obtained as shown in the following equation (17).

F,= pF.ocos(p) i (17)

9]

3. Numerical Simulation Results and Analysis
3.1. Analysis of Landing Gear Shimmy without Braking

In order to verify the accuracy of the model described in this paper, based on the
example in literature[1], the ode23tb solver in MATLAB is used to solve the solutions
of the models described in this paper and those described in literature[1], and the
results of stability analysis are shown in figure 4. It can be seen from figure 4 that the
results of the two models are very close, and the trend of the curve is basically the
same, which proves the accuracy of the model in this paper.

Based on the data in table 1 and the model described in Section 2.1, the maximum
torsional and lateral shimmy amplitudes of the landing gear strut under different
horizontal speeds V and loads F, are calculated using MATLAB software, and the
results are shown in figure 5. The dark blue area in figure 5 is the stable region without
shimmy. According to figure 5 (b) and figure 5 (d), the region of torsional shimmy and
lateral shimmy in the whole parameter region is shown in figure 6 (a).
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(a) rotational shimmy amplitude: main view (b) rotational shimmy amplitude: top view
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(d) lateral shimmy amplitude: top view

Figure 6(a) shows that the whole parameter space is divided into three parts. To
verify the reliability of the results, the oscillation amplitude or the power spectrum of
tire lateral deformation A under corresponding parameters are calculated by taking
points A, B and C in the figure. The results are shown in figure 6 (b-d), respectively.
According to table 1, the natural frequencies of torsional and lateral shimmy are 9.3Hz
and 11.7Hz, respectively. According to figure 6 (b-d), the oscillation of point A decays
rapidly and no longer starts, so the point is in the stable region. Under the condition of
point B, the oscillation frequency of A is f = 9.34Hz, so the point is dominated by the
torsional shimmy. Under the condition of point C, the oscillation frequency of A is f =
11.73Hz, so the point is dominated by the lateral shimmy.
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(c) point B(V=30m/s,F,=150KN)

0

lateral dominant
0.05
Cc
E. 0 ISe——m—o—
B
orsional dominan
t al d ant 005
stable
A
20 s o 0 100 120 01 : y y
Y mvsf 0 5 10 t}:] 20 25 30
(a) shimmy region distribution (b) point A(V=80m/s,F,=50KN)
0.035
0.03
0.025
=
E 0.02
@
0.015
0.01
L 0.005
N o -
5 10 1z 15 20 25 0 5 10 gz 18 20 25

Figure 6. Region distribution and vibration characteristics

(d) point C(V=100m/s,F,=250KN)
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3.2. Analysis of landing Gear Shimmy under Braking Condition

Taking amp=9000, f~=10hz as the basic braking parameters, calculate the variation
relationship of the adhesion coefficient with the speed according to the model described
in Section 2.2, and calculate the shimmy region distribution under the braking state in
combination with the models described in Section 2.1 and Section 2.3. The results are
shown in figure 7. Based on the above results, the relative changes of shimmy region
area under braking are shown in table 2. From figure 7 and table 2, it can be seen that
the braking system will reduce the area of the stable region and the torsional region,
and increase the area of the lateral region. The impact on the torsional region is
particularly significant, with an area change of 35.3%. The influence on the area of
stable region is small, only 9%.

----- No brake

3 Brake
lateral dominant

| = stable
05 — —

20 40 100 120

60 80
Vim/sl

Figure 7. Comparison of shimmy region

Table 2. Comparison of relative area change of shimmy region

stable area torsional dominant area  lateral dominant area
No brake 551 607 1342
brake 501 393 1606
change -9% -35.3% +16.4%

3.3. Influence of Braking Frequency and Braking Amplitude on Shimmy Region

Repeat the process in Section 3.2. Take amp=9000, /=5hz, 15Hz and amp=700011000,
f=10hz respectively to explore the impact of different braking frequencies and braking
amplitudes on the shimmy region. The results are shown in figure 8. It can be seen
from figure 8 (a), taking 10Hz as the reference braking frequency, when the braking
frequency increases to 15Hz, the torsional and stable domain area decrease, and the
lateral domain area increases. When the braking frequency is reduced to SHz, the result
is just the opposite. According to figure 8 (b), taking amp=9000 as the benchmark
braking amplitude, when the braking amplitude increases to 11000, the torsional
domain and stable domain area increase, and the lateral domain area decreases. When
the braking amplitude decreases to 7000, the result is just the opposite. See table 3 for
detailed comparison of shimmy region changes.
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Figure 8. Influence of different factors on the shimmy region
Table. 3. Influence of braking frequency and amplitude on shimmy region
stable torsional lateral . stable torsional lateral
frequency . . amplitude . .
area dominant area dominant area area dominant area dominant area

10Hz 501 393 1606 9000 501 393 1606
5SHz +2.9% +22.9% -6.5% 7000  -6.8% -14.5% +5.7%
15Hz  -7.4% -18.8% +6.9% 11000 +2.9% +15.5% -3.1%

3.4. Influence of Braking Frequency on Oscillation Amplitude

Take a point D(V=30m/s,F,=161KN) in figure 8 (a) and analyze the influence of
braking frequency change on the oscillation characteristics of the point on the region
boundary. The results are shown in figure 9. It can be seen from figure 9 that the
influence of braking frequency on the oscillation characteristics at this point is mainly
reflected in the torsional shimmy. With the increase of braking frequency, the
amplitude of torsional shimmy is suppressed. When the braking frequency increases
from 5Hz to 10Hz, the torsional shimmy motion of the system contains multiple
frequency components. When the braking frequency further increases to 15Hz, the
frequency of torsional shimmy of the system gradually tends to be stable. According to
the above analysis, when the load value of the landing gear strut is located near the
boundary of the torsional region in figure 8, appropriately increasing the braking
frequency can effectively reduce the amplitude of the torsional shimmy and reduce the
impact of the shimmy on the landing gear structure.
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Figure 9. Influence of braking frequency on oscillation amplitude

4. Conclusion

In this paper, a mathematical model describing the nose gear shimmy under braking
condition is established, and the influence of anti-skid braking system on the nose gear
shimmy is studied. The main conclusions are as follows:The implementation of anti-
skid braking system will reduce the area of torsional shimmy region and stable region
in the whole parameter space, and increase the area of lateral shimmy region.
Increasing the braking frequency will further reduce the area of the torsional and stable
regions, and increase the area of the lateral region. The effect of increasing the braking
amplitude on the shimmy region is opposite to that of increasing the braking frequency.
Increasing the braking frequency can effectively suppress the increase of torsional
shimmy, but the effect on restraining the amplitude of lateral shimmy is limited.
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