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Abstract: During aircraft ground steering, the nose landing gear (NLG) tires of large transport aircraft often
experience excessive lateral loads, leading to sideslip. This compromises steering safety and accelerates tire wear. To
address this issue, the rear landing gear is typically designed to steer in coordination with the nose wheels, reducing
sideslip and improving maneuverability. This study examines how structural parameters and weight distribution affect
the performance of coordinated steering in landing gear design for large transport aircraft. Using the C-5 transport
aircraft as a case study, we develop a multi-wheel ground steering dynamics model, incorporating the main landing
gear (MLG) deflection. A ground handling dynamics model is also established to evaluate the benefits of coordinated
steering for rear MLG during steering. Additionally, the study analyzes the impact of structural parameters such as
stiffness and damping on the steering performance of the C-5. It further investigates the effects of weight distribution,
including the center-of-gravity (CG) height, the longitudinal CG position, and the mass asymmetry. Results show
that when the C-5 employs coordinated steering for rear MLLG, the lateral friction coefficients of the NLG tires
decrease by 22%, 24%, 26% , and 27%. The steering radius is reduced by 29.7%, and the NLG steering moment
decreases by 19%, significantly enhancing maneuverability. Therefore, in the design of landing gear for large
transport aircraft, coordinated ML G steering, along with optimal structural and CG position parameters, should be
primary design objectives. These results provide theoretical guidance for the design of multi-wheel landing gear
systems in large transport aircraft.
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The multi-wheel

Modern large transport aircraft have an ex-
tremely high takeoff weight. For safe operation
through airport runways, the number of landing
gear tires must be increased to reduce the radial load
on each tire. Currently, heavy-load aircraft typically
use either a multi-wheel and multi-strut landing gear
layout or a conventional tricycle configuration,
where multiple wheels are mounted under a single
MLG strut. Replacing a single large wheel with mul-

tiple smaller wheels improves the aircraft’ s ground
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and multi-strut landing gear offers several advantag-
es. It effectively reduces the impact on runways dur-
ing landing and taxiing turns, which is especially im~-
portant for heavy aircraft. Additionally, the pres-
ence of multiple struts distributes axial forces more
evenly, reducing the load on each strut. This design
also decreases stress on key structural components,
such as fuselage frames and wing spars'®'. Transport
aircraft, due to their significant weight and the need
to operate on various runway conditions, commonly

adopt a multi-wheel, multi-axle landing gear layout.
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This design can minimize runway pressure and en-
sure a more balanced load distribution within the air-
craft structure. As a result, it enhances the safety of
both takeoff and landing*'. The C-5A military trans-
port aircraft is equipped with a total of five landing
gear struts. The nose landing gear (NLG) features
a single row of four wheels arranged side by side.
The main landing gear (MLG) consists of four fuse-
lage-mounted struts, each supporting a six-wheel
triangular bogie. The main landing gear MLG re-
tracts inward after a 90° hydraulic-actuated rota-
tion'*. Similarly, Boeing’s B747-8 features a four-
axle, 16-wheel MLG design, where each axle bears
an equal load. This configuration ensures even pres-
sure distribution on the runway during takeoff and
landing, improving overall operational safety"” "
Steering performance is a key indicator of a
transport aircraft’s maneuverability. The ground mo-
tion characteristics of an aircraft generally refer to its
geometric, kinematic, and dynamic behavior during
ground operations. With the rapid advancement of
modern aircraft design concepts, there is an increas-
ing emphasis on improving both flight performance
and quality, namely, the aircraft’s airborne motion
characteristics. And the requirements for ground mo-
tion characteristics have become more stringent.
Currently, ground motion characteristics are consid-
ered essential evaluation criteria in numerous air-
craft design standards and airworthiness regulations.
They are now mandatory inspection items in the air-

craft certification process '

. The dynamic charac-
teristics of an aircraft during steering are particularly
complex. To optimize steering performance and en-
hance stability, researchers have conducted exten-
sive studies. Barnes et al.""”' developed a six-degree-
of-freedom (6-DOF ) aircraft taxiing dynamics mod-
el and evaluated the aircraft’ s ground steering and
lateral motion performance. Gamez et al.'*’ devel-
oped an inverted pavement system and a convention-
al flexible pavement structure, both designed to sup-
port a single tire of the A380 landing gear. Their
study examined how asymmetric pavement charac-
teristics affect tire stability during steering. Al-
though these studies analyzed the dynamic response

of lateral loads during aircraft steering, they did not

explore the impact of MLLG deflection on steering
performance in multi-strut aircraft during maneuver-
ing turns. Although increasing the number of tires
significantly enhances an aircraft’s shock absorption
capability, large transport aircraft typically have a
large steering radius. Therefore, MLG participation
in steering is necessary to improve maneuverability
during ground taxiing'"’. An aircraft’ s large-angle
steering capability reduces runway occupancy time
and decreases runway width requirements, signifi-
cantly enhancing maneuverability and operational ef-
ficiency. In general, higher steering speeds and
smaller steering radii improve large-angle steering
performance. However, these conditions can also in-

crease the risks of sideslip, rollover, and excessive

16-17] 1 [18]

load on the landing gear'*'". Hou et a analyzed
the ground motion state of a tricycle landing gear air-
craft using a time-domain simulation method. Their
study investigated the safe range of steering radii at

9 presented simulations

different speeds. Khapane
of asymmetric landing cases and typical ground oper-
ations for large transport aircraft. The study empha-
sized that accurately determining static and dynamic
loads during ground operations is crucial in the de-
sign phase. Compared to real aircraft testing, simu-
lating critical operational scenarios provides a more
cost-effective these

approach  for  analyzing

loadg[w—zo]

. In recent years, the technology of virtual
prototypes (VP) based on multibody system dy-
namics has gradually matured and been applied to
commercial software. By combining vibration theory
with multibody system dynamics, this technology
effectively studies and analyzes the dynamic behav-
ior of landing gears. The use of such software can
significantly shorten analysis time and improve effi-
ciency and accuracy. Additionally, it helps reduce
costs and minimizes the risks associated with hazard-
ous operating conditions*"’. By applying VP technol-
ogy to establish accurate multi-wheel and multi-strut
aircraft landing gears, and full aircraft models,
ground condition simulations can be conducted to
gain in-depth insights into the aircraft’ s ground
loads and landing gear performance. Mosby'" sys-
tematically studied the ground loads of the C-5A air-

craft under multi-cycle, multi-strut landing gear con-
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ditions using the power spectral density method.
The study covered dynamic loads of the aircraft un-
der one-cos single excitation and dual excitation con-
ditions, with a detailed discussion on the selection
of one-cos runway wavelength. Additionally, the
study examined the impact of aerodynamics on dy-
namic loads and MLG loads. To meet the require-
ments of large military/civil aircraft performing
multi-wheel and multi-strut steering maneuvers on
narrow surfaces, a series of control measures are
typically necessary. These measures include increas-
ing the nose wheel steering angle, using asymmetric
engine thrust, applying differential braking on the
MLG, and

speeds to effectively reduce the steering radius.

selecting appropriate maneuvering
However, if these measures are not applied correct-
ly, they may cause the aircraft to fail to complete
the turn successfully, especially a U turn, where
performance may be inadequate’®*’. Yin et al."**
studied the effects of asymmetric engine thrust on
ground steering stability. They employed a numeri-
cal continuation method based on bifurcation theory
to investigate how structural asymmetry influences
aircraft taxiing directional stability. Directional insta-
bility during taxiing may be exacerbated by asym-
metric fuselage, engine thrust, runway excitations,
and various external asymmetric disturbances. Song
et al.'” developed an aircraft ground taxiing model
to examine the impact of pitch angle on directional
instability during high-speed taxiing. Liang et al."*
constructed a dynamic model of an aircraft equipped
with a taxiing device and analyzed the influence of
asymmetric braking moments on taxiing directional
stability.

Although extensive studies have been conduct-
ed on aircraft ground steering performance, several
limitations still exist. Most studies focus on the stat-
ic and dynamic load analysis of multi-wheel landing
gears during ground operations, as well as the im-
proved shock-absorbing capability caused by an in-
creased number of tires. However, there is a lack of
in-depth analysis of the dynamic response of multi-
wheel and multi-strut landing gear under complex
operating conditions and the coordinated steering

performance of the main gear and the NLG.

Therefore, this study focuses on the C-5 air-
craft and develops a dynamic model that comprehen-
sively considers the coordinated steering of the rear
MLG. The analysis evaluates the benefits of this
steering approach in terms of key performance indi-
cators, including the steering radius, the nose
wheel steering torque, and the friction coefficient.
Based on the coordinated steering of the rear MLL.G,
the study further investigates the effects of structural
parameters such as stiffness and damping on the
steering performance of the C-5. Additionally, it ex-
amines the impact of weight distribution parame-
ters, including the center of gravity height, the lon-
gitudinal center of gravity position, and the mass
asymmetry of the fuselage. The findings provide a
theoretical basis for the design of multi-wheel land-

ing gear systems.

1 Establishment of the C-5 Coordi-
nated Steering Dynamics Model

This study establishes a common multi-wheel
landing gear layout based on the C-5 aircraft configu-
ration. To facilitate the description of tire load distri-
bution, the numbering of each tire is shown in
Fig.1. The C-5 features a dual-wheel NLG located
beneath the forward fuselage. The MLG is posi-
tioned in the rear half of the fuselage, with two sets
on each side. Each set consists of three steerable
wheel axles, and each axle holds two parallel-
mounted tires. That is, there are a total of 24 tires
(12 on each side).

iINLG
00 | e
Left MLG 1 ¥ Right MLG 1
0 | O
386% @ 06969
Left MLG2 i Right MLG?2

Fig.1 Tire numbering diagram

1.1 Mechanical model of the buffer

During the landing roll, the buffer plays a criti-
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cal role in absorbing the impact loads generated up-
on touchdown. The C-5 uses a conventional oil-gas
buffer to dissipate these forces, protecting the air-
craft structure and cargo from damage. High-perfor-
mance buffer enhance landing stability by reducing
vibration amplitude, which improves passenger
comfort and safety.

The axial force of the buffer Q, which is the
axial load during its operation, is primarily com-
posed of the following components: The frictional
force F; from the buffer, the damping force F; gen-
erated by oil flow restriction through the orifice, the
air spring force F,;, generated by the compression of
the gas chamber, and the structural limit force F,
when the piston rod reaches the limit of its active

stroke. The calculation formula is as

KS\SM Sy[ < O
QV: Fair + Fm] + Ff Otherwise (1)
Ksc ( SM - Smax ) SM > Smax

where K, and K, are the tensile stiffness and com-
pressive stiffness of the buffer support, which are
related to the structural limit force; S,. 1S the maxi-
mum stroke of the buffer and Sy the compression
displacement of the buffer.

For a single-chamber oil-gas buffer, the air

spring force F';, can be calculated as

FairzA{po<V°)v—pm} (2)
V,—A.S

where p, is the initial air pressure in the gas cham-
ber; p.m the local atmospheric pressure at the air-
port; A, the piston rod’s gas compression area; and
v the gas polytropic index, which is taken as v=1.1
in this study.

The oil damping force F; can be calculated as

ALS? | pALS? :
I ; o I : $=0
2CFAL 2CLA;
Fu= AQS‘) " SZ (3)
o {0 ,h - o [0 ‘hs . S<O
2CHAL 2CLAL

where A, and A, are the cross-sectional areas of the
main oil holes during the forward and reverse
strokes, respectively; C, and Cy, the flow restriction
coefficients of the main oil holes during the forward
and reverse strokes, respectively; A, and Cg the

effective oil pressure areas and the flow restriction

coefficients of the return oil chamber, respectively;
and A, and A ,; the total area of the oil holes in the
return oil chamber during the forward and reverse
strokes, respectively.

The structural limiting force F, is calculated as

K.S S<S,
Fslp - O SO < S < Smax (4)
K.(S—S,.) S22 Sn

where K, is the structural limiting stiffness of the
damper in tension and compression; S,.. the maxi-
mum compression stroke of the damper; and S, the

stroke when the damper is fully extended.
1.2 Tire mechanical model

1.2.1 Tire lateral force modeling

The calculation of the lateral force is based on
the normal force and the slip angle. The lateral force
is approximated by a cubic function, which is deter-

mined by the boundary conditions

a=0, F,=0
o dF.
a=20, 9 =C,
aQ— Qy, Flm:(Flm)max
o aFlati
a=a,, a =0

where «a is the slip angle; «, the saturation slip an-
gle; F, the lateral force; dF,/da the slope of the
lateral force curve with respect to the slip angle;
( F i Jmae the maximum lateral force; and C, the cor-
nering stiffness.

The saturation slip angle is approximated as

Fnorm

a,= 2.5 (5)

a

The maximum lateral force is the product of
the nominal coefficient of friction and the normal
force, expressed as

Fla[:maX(Flm):ﬂ'Fnorm (6)
where y is the nominal friction coefficient.

The relationship between the lateral force and

the slip angle is shown in Fig.2.

Fig.2 aF), relationship diagram
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The slip angle is defined as the angle between
the tire center heading vector and the tire velocity
vector projection in the terrain tangent plane. Since
the slip angle is always acute, the sign of the slip an-
gle is dependent on the sign of the lateral velocity
component of the tire center. This definition allevi-
ates the need for logic to account for a change in di-
rection of the tire.

Therefore, the slip angle is expressed as
Vi

— | |+ scale (7)
max (V, V,.)

a—= arctan(

The proportionality factor is expressed as
scale = B (8)
Ve TVl

where V is the forward velocity of vehicle; V.=
gravity/400, a small number to prevent division by
zero when vehicle comes to rest; and V, the lateral
velocity. The scale factor helps prevent stiffness of
the equations at small lateral velocity.
1.2.2 Tire normal force modeling

The tire normal force is calculated in one of the
following two ways.

(1) Point contact

The normal deflection and velocity are comput-
ed using a point contact, wheel-ground interaction
model that assumes a ground profile that has the
shape of a locus of points traced by the wheel center
of a rigid wheel rolling over the actual terrain pro-
file. This is the wheel center locus terrain profile.
The normal force is then applied in a direction nor-
mal to this terrain profile.

(2) Distributed contact

The normal deflection and velocity are comput-
ed based upon the intersection of the undeformed
tire circle and the terrain profile, but also include
the effects of any sharp points in the profile. The tire
circle 1s divided into a user-defined number of verti-
cal “slice” (Note: The number of slices should be
sufficiently large to accurately account for the small-
est feature of interest in the road profile). For each
slice, the vertical positions of the two points at the
corners of the slice are compared with the terrain
height at the same horizontal positions. If the points

on the tire circle lie below the terrain, the area of in-

tersection A; is found using a simple trapezoidal
rule. Once the total intersected area is found, an
equivalent normal deflection & is found by first find-
ing ¢, and the half-angle of the chord satisfies
ZAi:rzﬁ—rzcosﬁsinﬁ (9)
0=r—rcosd (10)
The point of application of the tire force C, is
found through a weighted average of the centroids of

the partial intersected areas

Sag
L

Likewise, the direction of the force is found

C (1)

through a weighted average of the terrain gradient

vectors associated with the partial intersected areas

o= EAigi
2 A:g

The intersected area is then checked for any lo-

(12)

cal features (sharp points). If these features rise suf-
ficiently above the nominal surface, their effect is
added to the equivalent deflection and gradient using
a separate weighting scheme. The schematic dia-
gram of the normal force on the tire is shown in
Fig.3.

Fig.3 Tire normal force diagram

Roads can use existing road elements. If no ter-
rain profile enters, either in the road or tire ele-
ment, the road is assumed flat in the global X-Y
plane and located at zero in Z. The terrain tangent
plane is defined to be the plane tangent to the terrain
profile at the point-of-contact between tire and ter-
rain. The longitudinal and lateral forces are comput-
ed in this plane, and are assumed to act in this plane.

The terrain tangent plane coordinate system is
defined by these rules: Z" axis of the terrain tangent
plane coordinate system is normal to the tangent
plane, directed upwards; X" axis is the intersection

of the terrain tangent plane and the plane of the tire
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disk.; Y axis is in the terrain tangent plane, per-
pendicular to X" axis, directed so that a right- hand-
ed coordinate system results.
1.2.3 Modeling of tire hitch trail

The front turn moment is calculated by multi-
plying the sum of the front lift stability distance and
the front lift rear drag distance with the front lift lat-
eral force. This method provides a more accurate es-
timation of the front turn moment, closely reflecting
the real value. The relevant calculation formula fol-
lows the NASA-TR-64 semi-empirical model. To
calculate the rear drag distance, it is necessary to
know the tire compression, the half-length of the
tire contact patch, the tire slip angle, and the verti-
cal load on the tire. As shown in Fig.4, the schemat-
ic diagram of the tire contact patch semi-major axis

is presented.

Tire loaded —---- Tire unloaded

w

T e N
2d6ld-(5/dy b

Fig.4 Tire contact patch semi-major axis diagram

The semi-major axis 2 of the tire footprint is

calculated as

h/d=0.85y0/d+(o/d) (13)

where d is the tire diameter and ¢ the vertical com-
pression of the tire.
Fig.5 shows the schematic diagram of the tire

slip angle.

Fig.5 Tire slip angle diagram

The tire slip angle ¢ is calculated as

Vv,
¢ = arctan 7 (14)

x

The trail distance ¢ is calculated as

g=M/F (15)

1
g=hXx o.a%(127¢2) 9<<0.1

4
q—/z><(90s020-01/(¢903)
27
0.1<<C0.55 (16)

4
q:hX(O.2925—O.1¢/(50—27505>

0.55<Cp<1.5
o>1.5

g=hx0.2925—0.1¢

where ¢ is the trail distance coefficient, and it is
calculated as
. Nm >< ¢

X F (17)
g z

4

where ¢ is the tire slip angle; g, the ground friction
coefficient; F'. the tire vertical load; N,, the tire slip
stiffness, and its calculation is as
N,
57(p+ 0.44p,) w’
0/d << 0.087 5

—1.2(8/d)— 88(8/d)’

(18)

Nm
=0.0674 —0.34(6/d)

57(p+ 0.44p,)w’
o/d > 0.087 5

where w is the tire width; p the tire nominal infla-

tion pressure; and p, the tire actual inflation pressure.
1.3 Ground maneuvering dynamics model

1.3.1 Establishment of the mathematical model

The aircralt” s ground maneuvering during
steering is primarily executed by the NLG control
system, which performs the steering operation. Dur-
ing the steering process, the nose wheels must be
precisely rotated to the specified angle and then
locked in position. Afterward, the aircraft under-
goes fixed-axis rotation around its instantaneous cen-
ter of rotation.

As shown in Fig.6, the force distribution acting
on the aircraft during a leftturn maneuver is
illustrated. In this study, the resultant force of the
dual wheels under each landing gear strut is
concentrated at the wheel axle center due to the

relatively small wheel track.
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(c) x-y planar force analysis

Fig.6  Analysis of forces during aircraft steering process

As shown in Fig.6, A—N are the connection
points between each landing gear strut and the air-
craft fuselage. O, 1s the origin of the aircraft body
coordinate system. L, is the longitudinal distance be-
tween the NLG and the aircraft’ s center of gravity.
L, is the longitudinal distance from the first row of
MLG to the aircraft’s center of gravity. L. is the lon-
gitudinal distance between two adjacent rows of
MLG. L, indicates the lateral distance between the
two MLG struts in the same row.

According to D’ Alembert’s principle, the equa-
tions of motion for the landing gear rotation in the
aircraft body coordinate system and the yaw motion
of the aircraft are given as

Indy=Muy+ FnL (19)
Fu=F,+F, (20)

Lidn=M. +FuLa+ FuuLy, (21

LG =M+ Fy Lagy T Fym Lo (22)
(23)

(24)

(25)

LG, = M., + Fy(LZ L+ FybLz L

LpoQpe= M gy + FyfRZLszZ + Fy/)RZ L ke
Izzd}‘: = MzM + M:.\I

Ma=FxL, (26)

Moy =S F, + F)L./2 +(F o+ Fu)L, +

i=

Foo+ Fu)L, (27)
where Iy 1s the moment of inertia of the nose land-
ing gear about its support axis; L., Lgis Luss Lie
are the moments of inertia of the four steerable
MLG about their respective support axes; I.. is the
moment of inertia of the aircraft fuselage about the =~
axis; L 1s the stabilizing torque of the steerable
NLG; Lo, Laris Lae, Lage are the stabilizing dis-
tances of the front two tires for the four steerable
MLG; Lgn, Laris Lare, Lage are the stabilizing
distances of the rear four tires for the four steerable
MLG; M.y is the total moment exerted by the
MLG at the aircraft’s center of gravity; M.y the to-
tal moment exerted by the NLG at the aircraft’ s
center of gravity.
1.3.2 Establishment of the simulation model

Through the dynamic simulation platform, the
landing gear components are connected using appro-
priate kinematic pairs based on the actual motion of
the aircraft. The primary types of kinematic pairs
used include cylindrical pairs, prismatic pairs, revo-
lute pairs, fixed pairs, and spherical pairs.

Since this study focuses on aircraft taxiing
turns, during which the landing gear remains de-
ployed and locked and is connected to the fuselage
by fixed pairs. The outer cylinder and piston rod of
the MLG strut buffer move along the central axis of
the strut, so they are connected by cylindrical pairs.
Similarly, the outer cylinder and piston rod of the
stabilizing damper are also connected by cylindrical
pairs. As the C-5 bottom frame, along with the pis-
ton rod, can rotate around the top steering plat-
form, a revolute pair is used between the MLLG out-
er cylinder and the steering platform. The upper and
the lower torque arms of the NLG are connected to
the landing gear strut by revolute pairs. However,
since all three components lie in the same plane,
one of the revolute pairs is replaced with a spherical
pair to avoid over-constraining the system. The final
motion relationships between the landing gear com-

ponents are illustrated in Fig.7.
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Fig.7 Schematic diagram of the motion relationship between components

Since the structure of the aircraft fuselage is
complex and the moment of inertia is difficult to cal-
culate directly, the method of empirical formula esti-
mation is adopted. Considering that the subject of
this study is a transport aircraft with a high aspect ra-
tio, the estimation is defined as

I, =M(b*/78 + H{/33)
I,=M(L}/29+ H?/33)

L—M(L}/29+ 6°/78)

(28)

I

where 1,,, 1,,,

I, are the moments of inertia of the
aircraft about the x, y, and z axes in the aircraft
body coordinate system; 4 is the wingspan, Hy the
fuselage height, and L the fuselage length.

The final C-5 full-aircraft dynamic ground

steering model is constructed as shown in Fig.8.

Fig.8 Schematic diagram of the C-5 steering kinematic

model

The key overall aircraft parameters used in this

study are shown in Table 1.

Table 1 Aircraft primary parameters

Parameter Value
Maximum takeoff mass/kg 418 000
Distance from the center of gravity to the nose
gear/mm 21839
Distance from the center of gravity to the first 1904
main gear/mm
Distance between the front and rear main gears/ -
mm
Vertical height from the center of gravity to the 5641
ground/mm
Distance between left and right main gears/mm 7 886
Aircraft roll moment of inertia/(kgem *) 2.97X 10
Aircraft pitch moment of inertia/ (kgem %) 8.67 X107
Aircraft yaw moment of inertia/ (kgem™*) 1.06 <X 10°

2 Analysis of Multi-wheel Aircraft
Coordinated Steering Perfor-
mance

2.1 Criteria for successful aircraft steering

The general requirements for an aircraft’ s
ground taxiing turn are as follows. Under normal
conditions, neither the nose wheels nor the main
wheels should experience slip. In some cases, a
small amount of slip in the nose wheels may be al-

lowed. To ensure the aircraft can turn smoothly, it
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is necessary to assess the balance between the nose
wheel driving torque and the main wheel yawing lat-
eral torque. Specifically, when the nose wheel steer-
ing angle is zero, the corresponding torque is also
zero. As the nose wheel steering angle increases,
the nose wheel driving torque becomes relatively
large. Since the slip angle is small, the main wheel
yawing torque is also small, allowing the nose
wheel driving torque to be greater than the main
wheel lateral yawing torque, which enables the air-
craft to turn smoothly. As the nose wheel steering
angle continues to increase, the nose wheel driving
torque starts to decrease, while the main wheel yaw-
ing torque increases. Once the nose wheel steering
angle exceeds a certain value, the nose wheel driv-
ing torque becomes smaller than the main wheel lat-
eral yawing torque, at which point the aircraft will
no longer be able to complete the turn.

During the aircraft’ s ground steering process,
the nose wheel steering torque primarily functions to
overcome the lateral force experienced by the NLG.
As the steering conditions become more demand-
ing, such as when the steering radius decreases or
the steering speed increases, the lateral force on the
nose wheels gradually increases. To simplify the
comparison, this process can be reflected by chang-
es in the tire’s lateral friction coefficient.

In this study, we set the maximum lateral fric-
tion coefficient to 0.8, which is a theoretical limit,
indicating that the friction between the tire and the
ground has reached its maximum possible value.
When the tire’ s lateral force increases to its peak
value, the lateral friction coefficient also reaches its
maximum. At this point, the nose wheel’s steering
torque can no longer provide enough centripetal
force to maintain the turn, meaning that the NLG is
at the critical steering state. If the steering condi-
tions continue to worsen, or the nose wheels contin-
ue to execute the steering command, the lateral fric-
tion coefficient of the tire will start to decrease. This
is because the tire can no longer maintain stable con-
tact with the ground under the current lateral force,
and the friction force begins to weaken. As the fric-
tion coefficient continues to decrease and enters a
steady state, the relative motion between the tire

and the ground intensifies, eventually leading to the

occurrence of slip. Slip indicates that the tire has lost
its ability to control the turn and can no longer fol-
low the intended steering trajectory. This phenome-
non not only affects the aircraft’ s steering perfor-
mance but also leads to increased tire wear and even

pose a safety risk to the aircraft’s taxiing.

2.2 Analysis of coordinated steering perfor-

mance

To ensure that the analysis conditions align
with actual operational standards, we define the taxi
speed limit as the maximum ground speed permitted
and required by aircraft operations on taxiways and
aprons. According to national military standards,
large and heavy aircraft may have two types of taxi
speed limits: One for the apron and another for the
taxiway. These two should be distinguishable and
recognizable by the pilot. The taxi speed limits
should be compatible with the aircraft’ s intended
use, as well as the operators’ ability to recognize
and maintain the aircraft’ s speed below this limit
while on the apron and taxiway. Taking national mil-
itary standards into account, the aircraft’ s steering
taxi speed is set to 5 m/s (approximately 9.7 knots) ,
which falls into the safe steering speed range of
2.572—5.144 m/s (5—10 knots) and remains con-
stant. During the aircraft’s ground steering process,
both the steering angle and steering speed are key
factors influencing the steering performance. Larger
steering angles and higher steering speeds signifi-
cantly increase the lateral load on the NLG, which
brings the tire’ s lateral force closer to the friction
limit and increases the likelihood of slip or even loss
of control. Therefore, combinations of large steer-
ing angles and high steering speeds are considered
extreme conditions, placing high demands on the
aircraft’ s steering performance. Consequently, the
aircraft is required to turn left, with the maximum
nose wheel steering angle fixed at 35°. This setting
aims to simulate typical extreme steering conditions
and allow a systematic analysis of how the aircraft’s
steering performance changes under these condi-
tions, while ensuring that the research results lead
to practical engineering applications.

In the study of the improvement in steering per-
formance of the C-5 transport aircraft using a rear

main wheel steering mechanism, the tire lateral fric-
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tion coefficient is a key indicator. By analyzing the
time-dependent changes in the lateral friction coeffi-
cient of each tire on the NLG, the effectiveness of

the rear wheel steering in mitigating tire slip tenden-
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cies can be intuitively reflected. Therefore, Fig.9
displays the dynamic changes in the lateral friction

coefficient of each nose tire under different operating

conditions.
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Fig.9 Changes of NLG tire lateral friction coefficients

The results indicate that when the main wheels
do not steer, the friction coefficients of the NLG-
tire 1—NLG-tire 4 are 0.71, 0.70, 0.68, and 0.66,
respectively. After implementing rear main wheel
steering, the friction coefficients are reduced to
0.55, 0.53, 0.50, and 0.48, respectively. This dem-
onstrates that the rear main wheel steering signifi-
cantly reduces the lateral friction coefficient of the
NLG tires, which makes it easier for the aircraft to
complete the turn command. From the simulation
results, it is clear that tire 1 experiences the most se-
vere conditions, so it will be used as the primary
subject of study in subsequent analyses.

By analyzing the variation of the nose wheel
steering torque with time, we can intuitively under-
stand the dynamic response characteristics of the air-
craft during the steering process, as well as the
changes in the magnitude of the steering torque.
This, in turn, allows for an assessment of the stabil-
ity and maneuvering efficiency during the turn.

Fig.10 shows the variation of the C-5 nose wheel

steering torque with time.
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Fig.10 Nose wheel steering torque under the influence of

main wheel steering

It can be observed that, when the main wheels
do not steer, the aircraft’ s nose wheel steering
torque i1s 33 545 N-+m. After implementing rear
main wheel steering, the nose wheel steering torque
decreases to 27 160 N-m, indicating that the rear
main wheel steering significantly reduces the air-
craft’s nose wheel steering torque.

By analyzing the variation of the aircraft steer-



No. 5 GUI Xiwen, et al. Analysis of Coordinated Steering Performance in Multi-wheel Landing Gears 669

ing radius with time, we can clearly observe the dy-
namic characteristics of the aircraft at different steer-
ing stages, as well as the benefits of the rear wheel
steering design on the steering radius. This provides
important insights for evaluating the aircraft’s ground
maneuvering performance. Fig.11 shows the varia-

tion of the C-5 aircraft steering radius with time.
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Fig.11 Aircraft steering radius under the influence of main

wheel steering

The steering radius extracted in this study re-
fers to the minimum steering radius that the aircraft
reaches in a stable steering state. It can be observed
that, when the main wheels do not steer, the air-
cralt’ s stable steering radius is 38.11 m. After im-
plementing rear main wheel steering, the stable
steering radius of the aircraft reduces to 26.76 m.
This demonstrates that rear main wheel steering sig-
nificantly reduces the aircraft’s steering radius.

Based on the simulation results, it can be ana-
lyzed that the steering performance of the C-5 has
been significantly improved after implementing rear
main wheel steering. The main benefits are as fol-
lows: Under the harsh steering conditions of a 35°
maximum nose wheel steering angle and a 5 m/s
steering speed, rear main wheel steering effectively
addresses the issue of the nose landing gear failing
to turn smoothly. The lateral friction coefficients of
the nose landing gear tires are reduced by 22%,
24%, 26%, and 27% , making the NLG easier to
steer. The aircralt’ s steering radius is reduced by
29.7% , enhancing its steering maneuverability. The
nose wheel steering torque decreases by 19%,
which effectively aids in the nose landing gear’ s
steering. These results demonstrate a significant im-
provement in the aircraft’s overall steering capabili-

ty and ground maneuvering performance.

3 Performance Analysis of Multi-
wheel Aircraft Steering Without
Main Landing Gear Steering

3.1 Investigation of the influence of aircraft

steering speed

This section investigates the influence of the
NLG steering speed on the steering performance of
the aircraft when the MLG remains non-steerable.
The simulation conditions are defined as shown in
Table 2, where parameter ay represents the maxi-
mum steering angle of the NLLG and parameter v de-
notes the aircraft steering speed. In Cases 1 to 3,
the maximum steering angle of the NLG is fixed at
35°, allowing for an analysis of how variations in
steering speed affect the ground maneuvering perfor-

mance of the C-5 aircraft.

Table 2 Working conditions and results of NLG steering

speed
Test condition Case 1 Case 2 Case 3
ax/(°) 35 35 35
v/(mes ") 1 3 5

During the steering process, since the aircraft
performs a left turn, the outer NLG tire experiences
greater lateral slip compared to the inner tire. As in-
dicated by the analysis in the previous section, the
NLG-tire 1 shows the most critical slip condition.
Therefore, NLG-tire 1 is selected as the focus for
analyzing NLG lateral slip behavior. The variation
in the friction coefficient of NLG-tire 1 under Cases
1 to 3 is shown in Fig.12.

Based on the results, the peak friction coeffi-

cients of the NLG tire under Conditions 1 to 3 are
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Fig.12 NLG tire lateral friction coefficient under the influ-

ence of Conditions 1 to 3
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0.44, 0.60, and 0.71, respectively, increasing with
the steering speed.

The variation of the nosewheel steering mo-
ment under different steering speeds is analyzed.
The time histories of the steering moment for NLLG-

tire 1 under Conditions 1—3 are shown in Fig.13.
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Fig.13 Nose wheel steering torque under the influence of

Conditions 1 to 3

Based on the results, the peak steering moments
of the NLG under Conditions 1 to 3 are 21 632,
29 285, and 33 469 N+m, respectively, increasing
with the steering speed. Among them, Condition 3
yields the highest steering moment.

The variation of the aircraft steering radius un-
der different steering speeds is analyzed. The time
histories of the C-5 aircraft steering radius are

shown in Fig.14.
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Fig.14  Aircraft steering radius under the influence of Condi-

tions 1 to 3

Based on the results, the steering radii of the air-
craft under Conditions 1 to 3 are 30.2, 36.25, and
38.2 m, respectively, increasing with the steering
speed.

3.2 Investigation of the influence of aircraft

steering angle

This study investigates the effect of nosewheel
steering angle on aircraft turning performance when

the main landing gear is non-steerable. The simula-

tion conditions are defined in Table 3. The aircraft
turning speed is fixed at 5 m/s, and the analysis fo-
cuses on how the maximum steering angle of the
NLG influences the ground maneuvering perfor-

mance of the C-5 aircraft.

Table 3 Working conditions and results of the maximum

steering angle of the NLG

Test condition Case 4 Case 5 Case 6
ax/ (%) 25 30 35
v/(mes ") 5 5 5

The variation in the friction coefficient of NLG-

tire 1 under Conditions 4—6 is shown in Fig.15.
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Fig.15 NLG tire lateral friction coefficient under the influ-

ence of Conditions 4 to 6

Based on the results, the peak friction coeffi-
cients of the nose landing gear tire under Conditions
4 to 6 are 0.50, 0.61, and 0.71, respectively, in-
creasing with the steering angle.

The variation of the nosewheel steering mo-
ment under different steering angles is analyzed.
The time histories of the steering moment for NLG-

tire 1 under Conditions 4—6 are shown in Fig.16.
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Fig.16 Nose wheel steering torque under the influence of

Conditions 4 to 6

Based on the results, the peak steering mo-
ments of the nose landing gear under Conditions 4—
6 are 24 403, 29 346, and 33 540 N+m, respective-
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ly, increasing with the steering angle. Condition 6
exhibits the highest steering moment.

The variation of the aircraft turning radius un-
der different steering angles is analyzed. The time
histories of the C-5 aircraft turning radius are shown
in Fig.17.

100 ~
i\ ——Condition 4
80 5 - - -Condition 5
v\ e Condition 6
8 60t '
2
3 40t
20
0 1 1 1
10 20 30 40 50

Time /s
Fig.17  Aircraft steering radius under the influence of Condi-

tions 4 to 6

Based on the results, the steering radii of the
aircraft under Conditions 4 to 6 are 53.9, 44.8, and
38.4 m, respectively, decreasing with the increase
of the steering angle.

The results show that, regardless of whether
the maximum nosewheel steering angle or the steer-
ing speed increases, the friction coefficient of the
NLG tire exhibits an upward trend. For example,
under Conditions 3 and 6, the friction coefficient of
the nose tire approaches 0.8, indicating a risk of tire
slip. This phenomenon suggests that when steering
relies solely on independent control of the nose land-
ing gear, increasing either the steering angle or the
steering speed may cause tire slip. Tire slip not only
degrades steering performance but may also hinder
the aircraft’ s ability to complete ground turns in a
stable and safe manner, thus affecting operational

reliability.

4 C-5 Ground Maneuver Steering
Performance Influence Analysis

To further analyze the factors influencing the C-
5 transport aircraft’ s ground steering performance,
this study systematically investigates the effects of
structural parameters and weight distribution param-
eters on the steering performance. By varying the
relevant parameters, the impact on key performance

indicators during the steering process is analyzed,

including the peak tire lateral friction coefficient,
peak lateral force on the NLG, and taxi steering ra-
dius. This analysis provides a theoretical basis for
optimizing the aircraft’s ground maneuvering perfor-
mance.

In the subsequent analysis, all friction coeffi-
cients are referenced to the lateral friction coefficient
of the NLG-tire 1 under the most severe left-steer-
ing conditions for the NLLG. This selection is based
on the fact that NLG-tire 1 experiences the maxi-
mum lateral force during the turn, and its friction co-
efficient variation provides the most direct reflection
of the aircraft’ s ground maneuvering performance
under extreme conditions. Additionally, the lateral
load mentioned in the text specifically refers to the
lateral load borne by the NLLG strut, which is one of
the key factors influencing the aircraft’s steering per-

formance.
4.1 Influence of structural parameters

The principle of the rotational spring-damper-
actuator (RSDA) is to define the RSDA torque
through a combination of stiffness and damping val-
ues. The stiffness torque and damping torque can be
calculated using constant coefficients. The RSDA
can be made to generate torque either bi-directional-
ly, only while in tension, or only when in compres-
sion.

When the angle of the kinematic pair exceeds
the neutral angle of 0, both the spring and the damp-
er are activated. Once activated, the spring and
damper deform from their initial “zero torque”
state, thereby providing a reaction torque. The neu-
tral angle is referred to as the threshold angle,
which activates the stretching or compression of the
spring damper. Fig.18 illustrates a schematic of the
RSDA.

One of three modes may be chosen for the RS-

DA, bi-directional, tension-only, or compression-

Fig.18 Schematic diagram of rotary spring damper
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only. Each mode affects the interpretation of other
input variables. The formulation for torque in a bi-di-
rectional RSDA 1s described as

h=0— 0, (29)
T.=FH+co+T,+T,(00)+T.(w)+ T,(2) (30)
T2:7T1 (31)

where ¢ is the current angular displacement; ¢; the
current angular displacement of the connecting
joint; @, the undeformed angular displacement of
the RSDA defined by the orientation angle variable;
% the rotational stiffness constant coefficient; ¢ the
rotational damping constant coefficient; w the rela-
tive rotational velocity of Attachment 2 measured in
Body 1’ s reference frame; T, the moment applied
to Body 1 about the rotational axis of the attachment
joint; T, the moment applied to Body 2 about the ro-
tational axis of the attachment joint; T, the constant
torque; T,(0) the torque as a function of relative ro-
tation (variable rotational stiffness) ; T.(w) the
torque as a function of relative velocity (variable ro-
tational viscous damping) ; and T, (¢) the torque as
a function of simulation time (variable moment).

In the dynamics model constructed for this
study, RSDA are introduced for both rear MLLG as-
semblies to more accurately simulate the C-5 trans-
port aircraft’ s ground turning characteristics. The
specific installation positions and layout are shown
in Fig.19. This design aims to optimize the aircraft’s
dynamic response during ground turning by adjust-
ing the stiffness and damping characteristics of the
torsional spring. In the simulation analysis, to en-
sure accuracy, a constant torque value is set to zero
to eliminate any direct interference with the turning
performance. Through multiple simulation experi-
ments and data feedback from various operating con-
ditions, an appropriate range for the torsional spring
stiffness and damping values is gradually selected,

enabling a systematic analysis of the quantifiable im-

pact of these parameters on the aircraft’ s turning

performance.

Rotational spring
% Damper actuator

Fig.19 Adding rotary spring dampers to the rear MLG

4.1.1 Stiffness influence analysis

In the design of multi-wheel landing gear, the
selection of torsion spring stiffness and damping pa-
rameters 1s crucial. A reasonable torsion spring stiff-
ness improves the aircraft’ s maneuverability during
ground steering, and effectively controls the air-
craft’ s stability and responsiveness under different
steering conditions. Through a series of simulation
experiments, various stiffness and damping settings
are validated, ultimately identifying the key parame-
ters that influence the aircraft’ s steering perfor-
mance. After multiple iterative simulation experi-
ments and considering the stability and convergence
of the model, the reasonable range for the torsion
spring stiffness is determined to be between 1.6 X 10°
and 2.16 X 10° N-m/rad. Within this range, the mod-
el can effectively reflect the impact of torsion spring
stiffness variations on the aircraft’ s steering perfor-
mance.

As shown in Table 4, the peak values of the
friction coefficient, the NLG lateral force, and the
taxiing turning radius under different torsion spring
stiffness conditions are presented. The torsion spring

stiffness is abbreviated as “Rigidity” in Table 4.

Table 4 Working conditions and results of torsion spring stiffness

Test

Casel Case2 Case3 Case4d

condition

Case 5

Case6 Case7 Case8 Case9 Casel1l0 Casell

Rigidity/
(10° Nemerad ")

0.16 0.36 0.56 0.76 0.96

oo 0.520  0.630  0.660  0.670  0.680
103249 125850 133200 136953 139021 140304 141204 141910 142383 142785 143 200
Radius/m 24.15  31.16  33.63 3479 3548

Fy /N

1.16 1.36 1.56 1.76 1.96 2.16

0.690 0.695 0.697 0.699 0.700 0.710

35.93 36.26 36.49 36.68 36.82 36.94
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To ensure that the damping parameters mini-
mize the impact of stiffness variations while main-
taining the clarity and accuracy of the simulation re-
sults, a damping value of 100 N-m-s/rad is select-
ed after multiple verification experiments. This
damping value is chosen to ensure that, during the
stiffness variation process, the damping’s impact on
the steering characteristics remains at a low level,
thereby highlighting the dominant role of stiffness
variations in the steering performance. In the simula-
tion, the aircraft’s steering angle is set to 35", and
the steering speed is set to 2.5 (*)/s to simulate typi-
cal steering conditions. Additionally, a stepwise ap-
proach was used for parameter adjustments during
the simulation, ensuring the stability of each indica-
tor. By comparing parameters such as steering radi-
us, lateral force, and friction coefficient at different

stiffness values, the optimal range for stiffness and

damping settings is ultimately determined.
According to the simulation results shown in
Fig.20, as the torsion spring stiffness gradually in-
creases, the peak lateral friction coefficient of the
NLG tires shows a significant upward trend, rising
from 0.52 to 0.71. At the same time, the peak later-
al force on the NLG increases significantly from
1.03X10° N to 1.43X10° N. Additionally, the air-
craft’ s taxiing steering radius gradually increases as
stiffness increases, from 24.1 m to 36.9 m. The sim-
ulation results indicate that the torsion spring stiff-
ness has a significant impact on the aircraft’ s steer-
ing performance. As the torsion spring stiffness in-
creases, the peak lateral friction coefficient of the
NLG tires rises, while the steering radius also in-
creases. This suggests that while the stiffness im-
provement increases the nose wheel friction coeffi-

cient, it also leads to a decrease in steering agility.
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Fig.20 Analysis of the effect of torsion spring stiffness

4.1.2 Damping influence analysis

After multiple iterations of simulation experi-
ments, given the stability and convergence of the
model, the reasonable range for the torsional spring
damping value is determined to be from 0 N-m-s/rad
to 8 X10° N+m-s/rad. Within this range, the model
effectively reflects the impact of changes in torsional
spring damping on the aircraft’ s steering perfor-
mance.

To minimize the impact of stiffness parameters
on the effects of damping variations and to ensure
the clarity and accuracy of the simulation results,
multiple validation experiments are conducted. As a
result, a stiffness value of 1.6 X10° N-m/rad is se-
lected. This value is chosen to ensure that the influ-
ence of stiffness on the steering characteristics re-
mains low during damping variations, thereby high-

lighting the dominant role of damping in affecting

the steering performance.

Table 5 presents the results of peak friction co-
efficient, peak lateral force at the NLG, and run-
way steering radius under different RSDA condi-
tions. In the table, rotary spring damping is abbrevi-
ated as “Dam”.

The simulation results shown in Fig.21 indicate
that as the RSDA increases, the peak lateral friction
coefficient of the NLG tires exhibits a clear upward
trend, increasing from 0.53 to 0.7. Simultaneously,
the peak lateral force on the NLG increases signifi-
cantly from 1.06X10° N to 1.42X10° N. Addition-
ally, the aircraft’ s runway steering radius gradually
increases with higher damping, from 24.1 m to
31.08 m. These simulation results highlight the sig-
nificant impact of rotary spring damping on the air-
cralt’ s steering performance. Specifically, increas-

ing the damping improves the tire friction coefficient
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Table 5 Working conditions and results of RSDA

Test condition Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9
Dam/

o . 0 1 2 3 4 5 6 7 8

(10° m*kgeserad ')
Hinex 0.53 0.62 0.66 0.67 0.68 0.69 0.69 0.69 0.70
F,../N 106 091 125 065 132 930 136 495 138 693 140 012 140 954 141 697 142 233
Radius/m 24.15 25.43 26.88 26.94 28.00 28.96 29.78 30.49 31.08
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Fig.21 Analysis of the effect of eorsion spring damping

to some extent, while also leading to an increase in

the steering radius.

4.2 Influence of weight distribution parameters

Since this section focuses on the impact of the
center of gravity distribution parameters on the
ground steering performance of the C-5 aircraft, it is
essential to eliminate the interference of structural
parameters on the simulation results to ensure the
accuracy of the research. The variations in the cen-
ter of gravity distribution parameters should be suffi-
ciently reflected in the steering performance simula-
tion results. Therefore, after multiple simulation
tests, the torsion spring stiffness is selected as
200 000 N+-m/rad, and the torsion spring damping
as 2X10° N+-m-s/rad as fixed parameters. This en-
sures that the impact of structural parameters on the
steering performance remains at a low level, thus
highlighting the effect of the center of gravity distri-
bution parameters.

The center of gravity’ s forward and aft posi-
tion in the model is calculated based on the 6: 94

front MLG weight distribution ratio. This ratio re-

flects the distribution relationship between the NLG
and the MLG in the total weight of the aircraft.
4.2.1

The initial position of the center-of-gravity

Influence of the CG’s vertical position

(CG) in the vertical direction is selected based on
engineering experience, with upward being consid-
ered as the positive direction and downward as the
negative direction. To comprehensively analyze the
impact of changes in CG height on steering perfor-
mance, the range of vertical CG position variation is
set from —2 000 mm to 3 000 mm.

As shown in Table 6, the results of the peak
friction coefficient, the NLG lateral force peak, and
the taxiing turn radius under different CG vertical
position conditions are provided. The vertical center
of gravity position is abbreviated as CG position in
Table 6.

As shown in the simulation results in Fig.22,
as the CG height gradually increases, the peak later-
al friction coefficient of the aircraft’ s NLG tires
shows a significant upward trend, increasing from

0.64 to 0.70. At the same time, the lateral force

Table 6 Working conditions and results of CG vertical position

Test condition Case1l Case2 Case3d Case4 Case5 Case6 Case7 Case8 Case9 Casel0O Casell
CG position/mm —2 000 —1500 —1000 —500 0 500 1000 1500 2000 2500 3000
Hinax 0.640 0.652 0.655 0.659 0.663 0.667 0.671 0.676 0.680 0.684 0.689

F, /N 133223 133310 133377 133474 133491 133579 133664 133773 133780 133800 133 740
Radius/m 27.145  27.148  27.154  27.159 27.162 27.170 27.175 27.183 27.192 27.202 27.211
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Fig.22 Analysis of the effect of CG vertical position

peak borne by the NLG struts initially increases
from 1.332X10° N to 1.338X10° N as the CG
moves upward, and then slightly decreases to
1.336 7X10° N, with a relatively small variation.
Additionally, the taxiing turn radius of the aircraft
gradually increases from 27.145 m to 27.235 m as
the CG height rises. Overall, while the vertical vari-
ation of the CG position affects certain performance
indicators of the aircraft’ s steering behavior (such
as the lateral friction coefficient and turn radius) ,
the overall impact is relatively small.
4.2.2 Influence of the CG’ s forward and aft
position

The initial position of the model’ s CG in the
fore-aft direction is calculated based on the 6: 94
front-to-MLG weight distribution ratio, which re-
flects the distribution relationship between the NLG
and the MLG in the total aircraft weight. The CG

position is calculated relative to the aircraft’s longi-

tudinal axis, where the forward direction is positive

and the rearward direction is negative. To compre-
hensively analyze the effect of fore-aft CG variation
on steering performance, the variation range for the
CG position is set from — 600 mm to 600 mm. This
range is determined by considering both the actual
CG distribution in typical aircraft operations and the
extreme conditions during steering maneuvers.

As shown in Table 7, the results of peak fric-
tion coefficients, peak lateral forces on the NLG,
and steering radii for different CG fore-aft positions
are presented. The fore-aft CG positions are abbrevi-
ated as “CG position” in Table 7.

According to the simulation results shown in
Fig.23, as the CG gradually moves forward, the
peak lateral friction coefficient of the NLG tires de-
creases from 0.79 to 0.61. At the same time, the
peak lateral force on the NLG strut increases from
1.07}X10° N to 1.45X10° N as the center of gravity
moves forward. Additionally, the aircralt’ s taxiing
steering radius increases from 26.6 m to 27.8 m as
the CG shifts forward.

Table 7 Working conditions and results of CG fore-aft position
Test condition Casel Case2 Case3 Cased Case5 Case6 Case7 Case8 Case9 Casel0 Case 1l
CG position/mm  — 600 —480 —360 —240 —120 0 120 240 360 480 600
Hinax 0.79 0.76 0.74 0.70 0.66 0.65 0.64 0.63 0.62 0.61
F,../N 107 266 116 520 121053 125939 130754 133491 135920 138263 140652 143 174 145857
Radius/m 26.67 26.75 26.84 26.94 27.04 27.16 27.28 27.41 27.53 27.66  27.79
z 1.50 28.0
8 or5p © 3w L45¢ o ° 2781 °
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(a) Effect of friction coefficient

Fig.23

(b) Effect of lateral force

Influence of the CG’s forward and aft position

(c) Effect of runway radius
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4.2.3 Influence of aircraft’s lateral mass asym-
metry

Based on the maximum design mass of the lat-
est aircraft model, which is 130 t, it is assumed that
the total mass of the mass blocks on both sides of the
fuselage 1s 130 t. However, in actual operations,
due to uneven cargo loading, significant asymmetry
in the mass distribution between the left and the
right sides of the fuselage may occur. This asymme-
try mainly results from the non-symmetrical place-
ment of cargo inside the fuselage, leading to an im-
balance in the mass distribution between the left and
right sides. By setting the left-toright mass ratio
from 1:0 (all mass concentrated on the left side) to
0: 1 (all mass concentrated on the right side) , with
incremental adjustments of 0.1 in the right-side mass

percentage, a series of simulation scenarios with

varying mass distribution ratios were constructed.

As shown in Table 8, the results of peak fric-
tion coefficients, peak lateral forces on the nose
landing gear, and steering radii during taxiing under
different left-to-right mass ratio conditions are pro-
vided. The left-to-right mass ratio is abbreviated as
“Mass ratio” in Table 8.

As shown in the simulation results in Fig.24, as
the mass ratio of the aircraft’s outer side during the
turn increases, the peak lateral friction coefficient of
the NLG tires gradually increases from 0.57 to 0.76.
Meanwhile, the peak lateral force on the nose land-
ing gear struts increases from 1.31X10° N to
1.34><X10° N as the center of gravity moves forward.
Additionally, the aircraft’ s steering radius during
taxiing increases from 27.07 m to 27.34 m as the
outer side mass ratio increases, with a relatively

small effect.

Table 8 Working conditions and results of left-to-right mass ratio

Test condition Casel Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9 Casel0 Casell
Mass ration 1:0 0.9:0.1 0.8:0.2 0.7:0.3 0.6:0.4 0.5:0.5 0.4:0.6 0.3:0.7 0.2:0.8 0.1:0.9 0:1
Hinax 0.57 0.59 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76
F,../N 131880 132417 132735 133105 133479 133770 134144 134349 134451 134545 134425
Radius/m 27.074  27.086 27.103 27.122 27.141 27.164 27.191 27.221 27.254 27.294  27.343
0.80 1.350 27.40
:if 0.75} . g L3451 0o0%o0 27351 *
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(a) Effect of friction coefficient (b) Effect of lateral force (c) Effect of runway radius

Fig.24  Analysis of the effect of left-right mass distribution ratio

5 Conclusions

(1) This paper focuses on the C-5 aircraft and
develops a dynamic model that integrates the coordi-
nated steering of the rear MLLG. The steering perfor-
mance of the aircraft, including key indicators such
as steering radius, nose wheel steering torque, and
friction coefficient, is analyzed after adopting the co-
ordinated steering method for the MLLG. The results
show that when the C-5 adopts coordinated steering
with the rear main wheels, the aircralt’s steering ra-

dius, nose gear steering torque, and friction coeffi-

cient of the front wheels significantly decrease, lead-
ing to a notable improvement in steering perfor-
mance.

(2) Through a systematic analysis of structural
parameters such as stiffness and damping, this
study reveals their significant impact on the steering
performance of the C-5 transport aircraft. The re-
sults show that, when damping remains constant, a
smaller torsion spring stiffness can significantly im-
prove steering performance, manifested as a smaller

steering radius and lower peak lateral forces. Simi-



No. 5

GUI Xiwen, et al. Analysis of Coordinated Steering Performance in Multi-wheel Landing Gears 677

larly, when stiffness is fixed, reducing damping also
optimizes the steering performance, further validat-
ing the critical role of structural parameters in the
aircraft’s ground maneuvering characteristics.

(3) Through a comparative analysis of simula-
tion results under various conditions, this study ex-
amines the impact of weight distribution parame-
ters, such as center of gravity height, forward and
aft center of gravity position, and lateral mass asym-
metry, on the steering performance. The results
show that the variation in the vertical position of the
center of gravity has a relatively small overall effect
on the aircraft’ s steering performance; when the
center of gravity is positioned more forward, the
friction coefficient decreases; when the center of
gravity is positioned more aft, the lateral force on
the nose gear and the steering radius decrease; and
when there is lateral mass asymmetry, better steer-
ing performance is observed when the inner steering

side has a higher proportion of mass.

References

[1] ZHENG Lan. Design of landing gear scheme for heavy
load aircraft[ D]. Nanjing: Nanjing University of Aero-
nautics and Astronautics, 2009. (in Chinese)

[2] YOU Ying. Research on load analysis of multi-wheel
multi-strut landing gear[ D]. Nanjing: Nanjing Univer-
sity of Aeronautics and Astronautics, 2019. (in Chi-
nese)

[3] FAN Hailong. Research on ground loads of aircraft
with multi-wheels and multi-landing gear[ D]. Nanjing:
Nanjing University of Aeronautics and Astronautics,
2006. (in Chinese)

[4] YANG H. C-5A main landing gear bogie pitching con-
trol[ J]. Journal of Aircraft, 2017, 8: 912-917.

[5] ZHANG Xianmin, LIU Xiaolan, DONG Qian. Take-
off and landing adaptability of A380-800 large aircraft
on existing pavement[J]. Journal of Beijing University
of Aeronautics and Astronautics, 2016, 42(9): 1812-
1818. (in Chinese)

[6] SHIXZ, YUAY, NIEH, etal. Effects of pitch sta-
bilization buffer on the dynamic performance of frame-
type landing gear[ J]. Aerospace, 2024, 11(4): 288.

[7] MOSBY L. Ground loads for aircraft with multiple
wheels and multiple landing gear and with require-
ments for semi-improved airfield operations[ C]//Pro-
ceedings of Low-Speed Flight Meeting. Montreal,
Canada: ATAA, 2012 711.

[8]

[9]

[10]

[11]

[14]

[17]

[19]

QIAN Xiaomei. Simulation study on nose wheel steer-
ing characteristics of aircraft[ D]. Nanjing: Nanjing Uni-
versity of Aeronautics and Astronautics, 2008. (in Chi-
nese)

SHI X Z, NIE H, ZHANG M, et al. Six-wheel trol-
ley type landing gear ground slip-Run load analysis
considering fuselage flexibility[ M ]//Advances and
Challenges in Advanced Unmanned Aerial Systems.
Singapore: Springer Nature Singapore, 2024: 211-219.
SHE C F, ZHANG M, HINKKANEN M, et al. An
integrated design methodology for architecture solu-
tions to shimmy reduction subsystems in all electric air-
craft[J]. IEEE Transactions on Transportation Electri-
fication, 2024, 10(4): 10428-10440.

SHE C F, ZHANG M, GE Y B, et al. Design and
simulation analysis of an electromagnetic damper for
reducing shimmy in electrically actuated nose wheel
steering systems[ J]. Aerospace, 2022, 9(2): 113.
ZHANG Ming, WEI Xiyang, YANG Zimin, et al.
Six-wheel trolley type landing gear ground load analy-
sis study[J].
University, 2022, 40(5): 1090-1099. (in Chinese)
BARNES A, YAGER T. Simulation of aircraft be-
haviour on and close to the ground: AGARD-AG-285
[R]. [S.1.]: Maritime Technical Information Facility.
1985.

GAMEZ A, AL-QADI I L. Turning maneuver effect

on near-surface airfield pavement responses[J]. Trans-

Journal of Northwestern Polytechnical

portation Research Record: Journal of the Transporta-
tion Research Board, 2019, 2673(8): 275-283.
LIJing, YANG Shihai, GENG lJikai, et al. Design of
angle control law for wide-body aircraft in ground main
wheel cooperative turning[ J]. Flight Control and De-
tection, 2024, 7(3): 15-21. (in Chinese)

XIE Shuai, YANG Quanwei. An analysis and predic-
tion of ground turning loads of multi-wheel and multi-
strut landing gear[J]. Journal of Air Force Engineer-
ing University, 2022, 23(5): 22-27. (in Chinese)
SHE C F, ZHANG M, HINKKANEN M, et al.
Damping coefficient characterization and experiment of
an electromagnetic damper for shimmy reduction[J].
ASME Transactions on Mechatronics, 2024, 30(3) :
2017-2027.

HOU Y X, GUAN Y L, JIA H G. Research on mo-
tion characteristics for UAV ground maneuvers[ C]//
Proceedings of 2015 IEEE International Conference
on Mechatronics and Automation (ICMA). Beijing,
China: IEEE, 2015: 22-26.

KHAPANE P D. Simulation of asymmetric landing

and typical ground maneuvers for large transport air-



678 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 42

craft[ J]. Aerospace Science and Technology, 2003, 7
(8):611-619.

[20] CURREY N S. The C-5A landing gear[J]. SAE
Transactions, 1968, 76(3): 2085-2098.

[21] LI Dongying. Research on ground loads of aircraft
with multi-wheels and multi-landing gear based on vir-
tual prototyping[ D]. Nanjing: Nanjing University of
Aeronautics and Astronautics, 2009. (in Chinese)

[22] JIANG Baiying, SHI Yonggiang, GUO Zhaodian.
Research on large aircraft ground steering control
method[J]. Aeronautical Science and Technology,
2015, 26(6): 62-65. (in Chinese)

[23] SHIX Z, NIE H, ZHANG M, et al. Kriging-assisted
valid-screening optimization (KVSO) to study optimal
steering strategies for multi-struts aircraft[J]. Aero-
space Science and Technology, 2025, 162: 110157.

[24] YIN Q Z, KONG D X, SONG J Y, et al. Influence
of asymmetrical factors on aircraft ground steering sta-
bility[J]. Aerospace Science and Technology, 2023,
142 108698.

[25] SONG L, YANG H, YAN X F, et al. A study of in-
stability in a miniature flying-wing aircraft in high-
speed taxi[ J]. Chinese Journal of Aeronautics, 2015,
28(3): 749-756.

[26] LIANG T T, YIN Q Z, WEI X H. Effects of landing
gear layout on the safe rollout envelope of equipped-
skid aircraft[ J]. Aerospace Science and Technology,
2022, 122: 107434.

Acknowledgements This research was supported in part by

the Fundamental Research Funds for the Central Universi-
ties (No.NP2022416) and the Aeronautical Science Founda-
tion of China (No0.20227029052001).

Authors

The first author Mr. GUI Xiwen received his B.S. degree
in aircraft manufacturing engineering from Chongqing Jiao-
tong University in 2023. He is currently pursuing his Ph.D.
degree in Nanjing University of Aeronautics and Astronau-
tics. His research interests include multi-wheel landing gear,
aircraft ground steering dynamics, coordinated steering.

Prof. ZHANG Ming received
his Ph.D. degree in aircraft design from Nanjing University
of Aeronautics and Astronautics (NUAA) , China, in 2009.

The corresponding author

In June 2009, he joined Key Laboratory of Fundamental Sci-
ence for National Defense-Advanced Design Technology of
Flight Vehicle, College of Aerospace Engineering, NUAA,
Nanjing, China. His research interests include aircraft design,

dynamics and landing gear system.

Author contributions  Mr. GUI Xiwen designed the
study, analyzed the study, interpreted the results, and wrote
the manuscript. Prof. ZHANG Ming implemented the model
and revised the manuscript. Mr. SHI Xiazheng analyzed the
result. Mr. HU Tianyang contributed to the discussion and
background of the study. Mr. XU Yuhan contributed to the
dynamics simulation. All authors commented on the manu-

script draft and approved the submission.

Competing interests The authors declare no competing in-

terests.

(Production Editor: ZHANG Bei)

ZHREEREHESHEEI AR

MR, K

|, R BE, ARFE, BT

(1L BT 28 AT K R~ 0 28 A R 6 4 g 2 T P8 ) 4 T B SR 8, 9 T 210016, 7P [
2. P B LR R TRAT A Je i BT AR 1 5 E A B SR &, it 210016, )

WME:EXBEMMNGHETIRY , TRZREBFTFERTEXMEES D HLAEMNE LY 0T xs
P, X e B4 6 JE B o ARSI — B AL, U HEAL TR RGEF B T 4 R Bh A5 Ey, VAR A RGN O 3 R R ALe #

M

sk, AR TREREMARR T Z 5 A SAROTAAZRE T RO R, A C-DEMAA BT R,
METOLIRERBEGSH I EOETH A PR A THERAD A FEY KT THEHHTH X
TRHIARERGETRRRBEIKSE, SREAN . SCORABHEIRMAET G, iTRZL BN & Fit 4 s
AR AN 220624962696 .27 %,k ALEEE E R AT 2970, AT ALEE T AR T 19 T HAEFE T A RR
Bo W XA EMAAZTREZIT IR Y, B AR EREHHET 7 X R EM AR R T oA E A SCh 3t
Aic, MRAERA SHRBIEMAALZLRG BT RET IR E,

KW : SRAUR AT AT ET 3 A F YIS AT



