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Landing Gear Shimmy and Directional Stability
of Aircraft Undergoing Non-Straight Taxiing
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Abstract: A dynamic model of landing gear struts is introduced in a non-inertial coordinate system. Together
with a six degrees of freedom model of aircraft ground handling, the model can be applied to investigate the
landing gear shimmy and the directional stability of aircraft undergoing non-straight taxiing. Take the K8 air-
craft as an example, motions of the strut under both the straight and non-straight taxiing are simulated as well as

the directional adjusting procedure of the airframe. Results of the example are reasonable, indicating that the

model may have some value in related research.

Key words: aircraft; landing gears; ground handling; landing gear shimmy; mathematical models
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The phenomenon of landing gear shimmy is
investigated extensively by the researchers!!™.
However, all the theories consider the aircraft un-
dergoing straight taxiing with uniform speed, in
other words, the aircraft undergoing taxiing with
uniform velocity. Therefore, all the models of land-
ing gear shimmy are established in the inertial coor-
dinate system. Will the motion of the shimmy
change obviously if the roll, yaw and lateral motions
of aircraft itself are taken into consideration? In ad-
dition, the directional stability of taxiing aircraft is
not only related to the steering/damping unit but also
to other portion of the entire aircraft. In this paper,
dynamic equations of landing gear shimmy will be
established in a mobile coordinate system fixed on
the airframe. Then the landing gear and the airframe
are investigated as a whole. This model can be ap-
plied to observe the motion of landing gear shimmy,
and at the same time, the directional stability of air-
craft undergoing taxiing. For simplicity, the aircraft

Received date: 2000-08-14; Revision received date: 2001-02-10
Article URL: http://www.hkxb.net.cn/cja/2001/02/0073/

FESES: V226

XHEAFRIRES: A

undergoing taxiing with non-uniform velocity is

called mobile aircraft in this paper.

1 Dynamic Equations of Landing Gears
in Non-inertial Coordinate System

Define the strut coordinate system (OSXS YSZS)
fixed on the airframe: the origin is in the joint of
strut-airframe, Z° coincides with the strut axis and
opposite to the ground, X° lies in the airframe's
symmetry plane and is perpendicular to Z°, and ¥* is
determined by the right-hand law. The strut system
is a mobile system, and when the aircraft is taxiing
with non-uniform velocity (non-uniform in direction
or speed), the system is a non-inertial one. Referring
to Ref.[5], in any mobile system, rotary dynamic
equations of any rigid body are as follows (assuming
the body is symmetrical to the 0Z°X® plane)

dw \
IX L 1)’_12 0,0, +

dt ( x W
]AZ(CO)’CUX - da)z :ZMX

L dt



ol Bhies

-74 - GU Hong-bin, GAO Ze-jiong CJA
o d’ o de® s
Iz da) ( ] )‘) Cl) + 1 dlf, (IY ) d Z -
do @) dy  d6° ©
Ixz(wzwy_ dx)zzMz ],\07( W ) ZMG
t
da) ZOG
2———Ad, —d, JO 00, 4 3 IS —1I° Jo?
~ =1 3 dr’ ~( dz o
1,0, —w,)=3M g 2 -
XY( X z) 2 Y Iﬁz de w;~dl/2/ =LMZG
where I,, I, etc. are polar moment-of-inertia or dt dt

product of inertia of the strut’in the strut system.
®,, ®,, and @, are projections of absolute an-
gular velocity of the strut on X5, Y5, and Z° axes,
ZMX . ZM, , and ZMZ

moment of total external force on X° ; Y , and z

are projections of

axes.

Neglecting the pitch rotation of the strut rela-
tive to the airframe, yields o, =@, » where @; is
the projection of airframe's absolute angular velocity
on its pitch axis, e.g., the pitching velocity of the
airframe itself. Let w be roll angle and 6 be
swivel angle of the strut. Then @, =dy/d¢ and
@, =d6/dt . Suppose that the landing gear strut
consists of a wheel assembly, including the piston
and an outer cylinder. Assume that the wheel assem-
bly and the outer cylinder have the same roll angle
v . Then for the wheel assembly, Egs.(1) and (2)

become

T de? dt
dy 4’6" @
Il o ——+ =SMi+M
4\2( z d dtz J 2 X GH
LA L WA
ds’ dt )
«(de" . dw H
I W, — =)yM
( de ¢ de? J 1M,

where the superscript H indicates the wheel assem-
bly. Above are the equations of motion of the wheel
assembly when the aircraft is undergoing taxiing
with non-uniform velocity. Compared with the case
of uniform velocity, terms related to the product of

A

®; and dy/dr or d6"/dt are added to the
equations.

In a similar manner, the equations of motion of
the outer cylinder are obtained

Ty

where the superscript G denotes the outer cylinder of
the strut. 7} and I}
ment-of-inertia of the wheel assembly and the outer

are the polar mo-

cylinder respectively. I}, and I, are the product
of inertia of the wheel assembly and the outer cylin-
der respectively. M, is the bending moment be-
tween the wheel assembly and the outer cylinder
along the X® axis. The right-hand terms in Eqs.(4) to
(7) are the external moment acting on the wheel as-
sembly or on the outer cylinder. Adding Eq.(4) to
Eq.(6), noticing that I, =0 exists generally, and
re-arranging Eqs.(5) and (7), yields the strut's dy-
namic equations of motion of the mobile aircraft as

follows
I, ‘;‘f’ e 9 =S M*+ Y M+

- 5 ®)
[(1;* _p )99—+1; W e-r )ﬂ]w;
dr dt dr

2NnH
)]
[ dy/ o de* ]w;
dt dt

. Y7
—):M +(I3 - )dth (10)

where 1, =I;' +1;.
(10), together with the dynamic model of aircraft

With equations from (8) to

ground handling in Ref.[6], landing gear shimmy
and directional stability of mobile aircraft can be

investigated synthetically.

2 The External Moment

Eqgs.(8) to (10) include four terms of external
moment. They may be expressed as

SM7=-K, (-y*) (1n

SM7=—K,(0°-6")+ M, (12)
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S M =Y My, - %dz (13)
EM:=ZMZD +%%’+M§ (14)

where
M,=-K,(6"-6,) (15)

where > M is the bending moment acting on the
outer cylinder, which is provided by the airframe
along X°, which is usually an elastic force as ex-
pressed. > M is the total axial moment acting on
the outer cylinder, which is provided by the airframe
and shimmy damper. w* and 6" are rotary an-
gles of the airframe about X° and Z° axes respec-
tively. K, and K, are supporting stiffness of the
airframe (fuselage) along X° and Z° axes respectively.
> M, and Y M, are moments of surface reac-
tion force along X° and Z° axes respectively, deter-
mined by the tire and surface. The airframe's motion
will play a role in determination of them. M, and
M, are moments induced by the shimmy damper
acting on the wheel assembly and the outer cylinder
respectively, along Z° axis. K, is the torsional
stiffness between the wheel and steering collar,
which is a function of the piston stroke. 6, is rota-
tion of the steering collar about the Z° axis, deter-
mined by dynamic equations of the shimmy damper.
(IV/R,)(dy/dt) and (IV/R,)dO"/df) are
gyro moments due to wheel rotation.

3 Numerical Simulation of
Landing Gear Shimmy

Take the nose gear of prototype of K8 aircraft
as an example, given different air rates in oil (see
Ref. [7]) and orifice of the damper, the motion of
landing gear shimmy when the aircraft undergoes
taxiing with non-uniform velocity may be observed.

In simulation, the thrust of the engine is given
by so called "thrust factor", defined as

T=Kp(Q, + O +On) (16)
where T'is the thrust of the engine, K, is the thrust
factor, and Q,, O, , and Q,, are rolling resis-
tance acting on the nose wheel and both main wheels
respectively at the initial status.

Let taxiing speed V =120 km/h, K, =1

(simulate taxiing with uniform speed approxi-
mately) , the coefficient of main strut absorber
damping be 20 000N-s/m, tire stiffness be calculated
at static status, other parameters be determined ac-
cording to the prototype of K8 aircraft, and the end
time of simulation be 5s. The landing gear shimmy
and the motion of airframe can be observed simul-
taneously. Fig.1 describes a typical time-history of
the direction of velocity of center-of-mass of air-
frame and of the joint of the strut and airframe, that
is, the angle between velocity and the drag axis of
aircraft. Fig.2 gives the vertical reaction force of
surface. Fig.3 shows the swivel angle of the strut

" relative to the airframe, where the curve with large

amplitude is the angle of the wheel assembly, and
the one with small amplitude is the angle of the
outer cylinder. The maximal amplitude of the swing
angle of the wheel assembly, denoted by 6,_. , is
4.1036° . By means of spectrum analysis, the fre-
quency of swing of the wheel assembly in this case
is revealed 27.25 Hz, while the frequency of three
rotary motions of the airframe is within the range of

several Hz.
0.8 Angle of velocity of O°
__ 04
< 0
-
2 -0.4
< osf M ]
1'0 - Angle of velocity of C.M. E
() 0.4 0.8 1.2 1.6 2.0
Time/s
Fig.1 Direction of velocity of center-of mass of
airframe and the joint of strut and airframe
;2 1.8
S 14
3
5 1.0
=
0.6

Time/s

Fig.2 Vertical reaction force of surface

From Fig.2, it may be seen that the vertical re-
action force on the nose wheel, denoted by N_ ., is
around 5000 N when commonly taxiing. Employ the
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model of taxiing with uniform velocity, let V' =
120km/h, and N, =5000 N, and the swing motion
of the strut can be found as in Fig.4, where the
0, e 1S 3.5284° , and the swing frequency is
27.25Hz. Compare Fig.3 with Fig.4 and the frequen-
cies, it may be seen that the frequencies of both
cases are the same, which 1s in accord with the re-
lated vibration theory. However, the time-histories of
both cases are different from each other, and the
amplitude of swing in the case of straight taxiing is
less than that of mobile taxiing. All of what
mentioned is for the situation when shimmy occurs.

—— wheel assembly

“““ outer cylinder J
3 & i\
S ! l ARARA RO
—50_1.""\ vt g d ’”’
£ DI
=2
5l !
0 0.1 0.2 0.3 0.4 0.5
Time/s
Fig.3 Time history of swing
4
= 2
©
EX |
<, u
0 0.1 0.2 0.3 0.4 0.5
Time/s

Fig.4 Swing of straight taxiing

For the situation when shimmy does not occur
by the straight taxiing model, mobile model's results
will be different obviously. The main difference is
that the swing motion of mobile aircraft needs much
more time to attenuate. It seems that shimmy oc-
curred if only the time-history of the first several
seconds is observed. This situation is presented in
Figs. 5 and 6, where the air percentage is 1%, and
other parameters remain the same. The explanation
for the difference may like this: the motion of the
airframe itself is an excitation to the strut. As the
periodic time of airframe's motion is much longer
than that of the strut, it needs more time for the
whole system to attenuate. For the situation when

shimmy does occur, extending the simulation time
will not decrease the shimmy amplitude. For exam-
ple, by increasing the air percentage to 3% and
keeping other parameters unchanged, the amplitude
is still the +1.4611°
the same as the straight taxiing model.

after 25 seconds, which is

4 } —— Angle of wheel assemble
————— Angle of outer cylinder

Angle /()

0 5 10 i5 20 75
Time/s

Fig.5 Strut swing of mobile aircraft (decayed)

0.4
g 0 VAVAVA"A y
= ]
El 0 4§ --- Angle of velocity of center of mass
< — Angle of velocity of O°

-0.8

0 5 10 15 20 25
Time/s

Fig.6 Direction of mobile aircraft (decayed)

4 Simulation for Directional Stability

While a minimum anti-shimmy damping is
needed to prevent shimmy, an upper limitation to the
damping is usually needed to maintain the direc-
tional stability of an aircraft undergoing taxiing. For
this reason, when the shimmy stability has been
guaranteed, the directional stability had better be
examined with the same model. Still take the proto-
type of K8 aircraft as an example, given a series of
different air percentages and damping orifices, the
directional stability can be observed by simulation.
It can be concluded that the K8 aircraft is stable in
directional motion based on limited observation.
Take the most severe case when air percentage is 0.5
percentage and the damping orifices are at their
smallest size. Let ¥ =120km/h, K,=1, and the
initial swivel angle of the wheel assembly be 5° .
The responses are described by Figs. 7 and 8. In
Fig. 8, according to the sequence from top to bottom,
the curves are yaW, roll, and pitch angles. Indicated
by the figure, the directional motion of the aircraft is
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stable. Anyway, a certain amount of steady-state

error exists.

0.4 ﬂ
-~ A
< ofyY ]
o 0.4k e ANgle of velocity of center of mass
z Angle of velocity of O°
-0.8 J
0 5 10 15 20 25
Time/s
Fig.7 Direction of mobile aircraft (large damping)
12
= 0.8
= 04 V\r
2
< Op
e e e
0 5 10 15 20 25

Time/s
Fig.8 Yaw/Roll/Pitch angle of mobile aircraft

5 Conclusions

The dynamic model of landing gear shimmy
established here in non-inertial coordinate systems
accounts for the six-degree of freedom rigid mode
motion of the airframe. The results yielded from the
model may be compared with those of taxi test con-
veniently. The simulation results of the example are
reasonable both for landing gear shimmy and for
directional stability. The model may have value in
some areas such as aircraft performance prediction,
design parameter determination, and aircraft simu-

lator.
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Abstract: The model of aircraft’s ground motion is “operational”,where the airframe has six degrees of free-
dom. As long as the pilot’s command, the paddle’s displacelﬁent, for example, is given, the model can find

out the motion of both the airframe and nose-wheel, and the interaction between them. The non-sliding mod-

el of tires is applied but no assumption of airframe’s motion is adopted. The turning angle of the nose-wheel
is not given in advance. The functions of tire force versus nose-wheel’s turning angle are no longer needed
while the tire rolling coefficients are employed. There are assumptions about aircraft’s ground motion; one of
those widely used is “the center of simultaneous turning of the airframe is the same as the center of curvature

of the mass center’s track”. The research in this paper reveals that this is true only when the aircraft is in a
y

steady state turning.
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