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Abstract

When an aircraft is taxiing, excitation force is applied according to the shape of the road surface. The sprung mass
acceleration caused by the excitation of the road surface negatively affects the feeling of boarding. This paper addresses
the verification process of the semi-active control method applied to improve the feeling of boarding. The Magneto—
Rheological damper landing gear model is employed alongside the control method. It is a Oleo-Pneumatic damper
filled with a fluid having the characteristics of increasing yield stress when subjected to a magnetic field. The control
method involves verifying Skyhook Control Type2 developed by Skyhook control. The Sinozuka white noise model
that considers runway characteristics was employed for the road surface in the simulation. The runway road surface
obtained through this model has stochastic characteristics, so the dynamic characteristics were analyzed by applying
Monte-Carlo simulation. A dynamic analysis was conducted by co-simulating the landing gear model made by
RecurDyn and the control method designed by Simulink. Simulation results show that the Skyhook Control Type2
method has the best control effect in the low speed range compared to the passive type (without control) and skyhook
control.
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1. Introduction

Aircraft taxiing on the runway is subjected to irregular
excitation depending on the shape of the runway road surface.
[1-3]. The acceleration of the upper mass of the aircraft caused
by the excitation of the road surface should be improved since
it is the main factor that negatively impacts the boarding
feeling of passengers and pilots. A previous study reduced the
upper mass acceleration by applying the skyhook control
method, which is widely used in vehicle suspension systems,
to improve the feeling of boarding of aircraft landing gear [4].
However, the control effect is weak when the upper mass
velocity is low, which limits the applicability of this method.
This is due to the characteristic of skyhook control, which
calculates the control by receiving only the upper mass speed.
To overcome this limitation, Skyhook Control Type2, which is
a control method that additionally feeds back the upper mass
acceleration from the existing skyhook control, was devised
[5]. To verify the control effect of Skyhook Control Type2, a
landing gear model using RecurDyn and a controller designed
in Simulink were interlinked and analyzed.

The white noise model proposed by Sinozuka was assumed to
describe the characteristics of the runway model [6]. To
evaluate the landing process, the run speed was set to
decelerate uniformly. The road surface of a runway with
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constant deceleration can be expressed as a non-stationary
random road surface. Because the runway road surface has a
stochastic character, uncontrolled and controlled landing gear
dynamic characteristics cannot be verified by a definitive
analysis method, and Monte-Carlo simulation, a statistical
numerical analysis technique, should be used.

To date, several studies on the dynamic characteristics of
aircraft landing gear subjected to road excitation have been
conducted [7-9]. Although the vibration of the center of
gravity of the aircraft and the impact force applied to the
landing gear have been reduced by applying proportional—
integral—derivative control to active landing gears passing over
bumpy roads, their application is limited to bumpy road
surfaces [7]. A study analyzing the dynamic characteristics of
aircraft landing gear on a non-stationary random road surface
with actual runway characteristics was carried out in 1999 [8].
In this study, after modeling the aircraft landing gear as a
nonlinear system, the characteristics of the landing gear were
statistically identified through Monte-Carlo analysis. However,
the landing gear model used in this study was analyzed only
under the assumption of non-control as a passive landing gear
with a pneumatic-hydraulic structure. A study on vibration
control of an active landing gear receiving random excitation
has also been conducted [9]. For the study conditions, a
statistical analysis was required since a random road surface
has a different form for each road surface sample function, but
this study did not employ a statistical method. The present
study verifies the control characteristics and effects of the
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application of Skyhook Control Type 2 on the semi-active
Magneto—Rheological (MR) damper landing gear, in
comparison with the passive type (uncontrolled) and the
existing Skyhook control gear. To verify the control technique,
Monte-Carlo simulation was applied.

The remainder of this paper is structured as follows. In
Chapter 2, MR damper landing gear and the model of the
runway road surface are described. In Chapter 3, the control
logic of Skyhook Control Type 2 is explained. In Chapter 4,
by using Monte-Carlo simulation, the control effect of
Skyhook Control Type2 is compared with the results of the
passive and existing Skyhook technique and the characteristics
are verified. Finally, in Chapter 5, summarized results are
presented.

2. MR landing gear and runway road surface
modeling

2.1 MR damper landing gear modeling
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Fig. 1 MR Landing Gear

Table 1 Landing Gear Parameters

Parameter Symbol Value Unit
my Sprung mass 680 kg
my Unsprung mass 18 kg
A, Piston Area 0.0013 m?
Py Initial Pressure 1.1 M pa
Vo Initial Volume 32x107* | md

n Polytropic index 1.3

Friction 0.1

Ha s Coefficient '
Offset between

Dy Damper & Tire 0.3 m
D, Offset b(.etween 02 m

Bearing
T Tire Stiffness 412x10%® | N/m
b Tlre. Stiffness 113

index

An Oleo-Pnuematic damper is most frequently used for
landing gears and has various structures, but the principle of
shock absorption is the same [10-11]. The structure of the
landing gear covered in this paper is similar (refer to Fig. 1) to
air-hydraulic landing gears. Table 1 illustrates the design
parameters of the landing gear [12]. The applied damper is not
a general oil damper but an MR damper in which MR fluid is
used. When current flows through the coil, a magnetic field is
generated, which changes the yield shear stress characteristic
of MR fluid; this can absorb shock load more efficiently than
passive landing gear. Internal force exerted on the landing gear
includes air force Fy, damping force Fy, and friction force Fy.
External force includes tire load, Fp. All internal forces
applied on a landing gear can be expressed as a function of
stroke s. Stroke s is the difference between the upper mass
displacement z; and the lower mass displacement z,; stroke
can be expressed as Equation (1).

s=2z—12, (M

Prior to expressing the force applied to the landing gear in an
equation, the following assumptions are considered: landing
gear tires only have elasticity without damping, MR fluid in
the damper is an incompressible fluid, and there is no ground
friction and rolling friction.

The internal force acting on the MR landing gear F; can be
expressed as follows:

Fsza + Fh + Ff (2)

A damper contracts when subjected to road surface excitation.
At this time, the air in the chamber goes through a polytropic
compression process, and air force F; can be expressed as
follows.

n
Vi
Fu= [P (725=) = Parw] )

Ap s cross sectional area of piston, P, is the initial pressure
in the air chamber, V is initial volume of the air chamber, n
is polytropic index, and P,y is atmospheric pressure.
Damping force Fj is divided into damping force due to
dynamic pressure drop of MR fluid when no magnetic field is
applied when passing through the orifice F, and additional
damping force generated by the formed magnetic field Fy . It
can be expressed as Equation (4) [12].

F, =F, + Fygsgn (§) = Cs + Fy gpsgn () 4)

Here, sgn ($) is a sign function expressed in stroke speed.
Regarding the MR damper landing gear covered in this paper,
a relief valve structure was adopted. Since opening and closing
of the relief valve is determined according to the direction of
fluid movement, asymmetry exists in the damping force F,
during tension and compression. The asymmetric damping
coefficient C expresses this.
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Fig. 2 Friction Force

When a stroke occurs, friction force Fy acts on each bearing
due to the offset D, between the damper's central axis and the
tire, as shown in Fig. 2. When moment equilibrium is applied
to A and B, which are the areas where frictional force occurs,
friction force Fy can be expressed as:

FrDy
Dp+s

FrDy
Dp+s

Fr = sgn (8)(1a Ip ) ©)
Ua and pp are the coefficient of friction at A and B,
respectively.

Tire load Fy can be expressed in the form of the following
exponential function with the assumption that tires only have
clasticity without damping [10]:

Fr = Tpnzy ? (6)

Here, T,, is the coefficient of tire elasticity, z; represents
tire deformation, and b is an index of deformation.

Fig. 3 RecurDyn Model

Fig. 3 shows the landing gear model implemented by
RecurDyn. Tire load F; was simulated with axial force. In
this figure, the road body is a dummy body that expresses the
shape of the road surface. Tire deformation z; was
expressed as an overlap between the road body and the tire on
RecurDyn.

2.2 Runway road surface modeling

To analyze the MR damper landing gear taxiing mode through
the Monte-Carlo simulation, the runway road surface should
be obtained. This can be obtained by selecting a random
number that applies the power spectrum density reflecting the
runway characteristics. Computer-generated random numbers
should have periods, and the number of random numbers used
in Monte-Carlo simulation should be less than the period of
random number. This guarantees reliable randomness [13].

2.2.1 White noise

The random number applied to Monte-Carlo simulation can be
obtained through the white noise model presented by Sinozuka.
White noise can be obtained by substituting a random phase
angle into the equation presented by Sinozuka. Gaussian
random process with zero mean can be expressed as follows

[8].

w(s) = \/EZ’kV:l Apcos (wis — @y) (7
AG) = [y gy SWYAWTE = [S(wye A W) ®)
wi = (k = )hw ©)
Aw =2 (10)

Here, N is the number of cosine terms, s is a space variable,
@, is arandom phase angle between 0-27 with uniform
distribution, w, is cutoff frequency, and S(w) is PSD in
which the characteristics of the runway road surface are
expressed, as shown in Fig. 4 [14]. By applying the PSD of the
runway to the white noise model, a random form of runway
road surface can be obtained.

Spectral density (m?/cycle/m)

10°

107
Wave number (cycle/m)

Fig. 4 Spectral densities of roads
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2.2.1 Non-stationary runway sample function
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Fig. 5 Steady Random Profile
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Fig. 5 is a stationary random road surface function to which
the runway characteristic PSD obtained through Equation (7)
is applied.

The runway road surface obtained earlier is a stationary
random process expressed as a function of runway time. When
taxiing at a constant velocity, the stationary random process
can be expressed along the time axis, but in this study, it was
assumed that an aircraft is grounded on the runway during the
landing process. Thus, the situation of taxiing at a constant
speed depending on time was applied, which is expressed as a
non-stationary random process (i.e., a time-dependent random
number).
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Fig. 6 Displacement-Time Curve

Because the non-stationary random process is a time-
dependent function, the stationary random process dependent
on distance is expressed as a function dependent on time. Fig.
6 shows the distance over time in the case of constant
deceleration from 100 knots (approximately 200 km/h) to a
stop over 40 s. If Fig. 6 and Fig. 5, showing a stationary
random process, are mapped, a non-stationary random process
of the case in which an aircraft taxies at a constant speed can
be obtained. The form of the runway with constant

deceleration from 100 knots to a stop for 40 s is shown in Fig.
7.
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3. Landing gear taxiing mode control method

The degree of boarding feeling can be expressed as the upper
mass acceleration. A lower value of upper mass acceleration is
associated with improved the feeling of boarding. Skyhook
control is a control method that is most commonly applied to
improve the feeling of boarding by minimizing the upper mass
movement [15]. When skyhook control is applied, upper mass
acceleration decreases. However, there is a limitation in that
the control effect is poor in sections where the magnitude of
the upper mass velocity is small (sections where the sign
change of the upper mass velocity occurs) and the magnitude
of the upper mass acceleration is large, (sections where the
influence of inertia is greater than the motion of the gas). This
occurs because the control damping force applied due to the
low upper mass velocity also decreases. To overcome the
control limitation, Skyhook Control Type2, which additionally
feeds back the upper mass acceleration, was devised [5], and
the concept map of Skyhook Control Type2 is shown in Fig. 8.

7

cl Skyhook
Z Control
Type2

my

m,
Fig. 8 Skyhook Control Type2
The control damping force can be calculated by receiving the

upper mass velocity and acceleration. The MR damper
mounted on the landing gear is applied by calculating the
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amount of current required to create the control damping force.
Skyhook Control Type2’s control damping forceFry e, is the
sum of the control damping force calculated in the existing
Skyhook control method as in Equation (11),Fgey pook, and
control damping force obtained by feedback of upper mass
acceleration, Fy, .

FTypZ = FSkyhook + Fpee = Cskyzl + Coac 21 (11)

There are two control gains, Cgy, and Cye , that need to be
determined when calculating Frype,. Cg, is an optimal
control gain determined by the existing Skyhook control
method. Cuo is the control gain value multiplied by the
upper mass acceleration. In the state in which Cg, is
determined, the control effect is determined as the best case
through trial and error.

The MR damper mounted on the landing gear can only absorb
vibration energy as a semi-active damper. This means that the
control damping force Frype, is valid only in a specific
section. The logic for selecting the section in which the control
damping force is effective is as follows (refer to Fig. 9).

a —
FTypeZ FTypE
’ Frype i [T 1.5 i
7,—| Skyhook Control e Frgpez X § X g
Type2 0— -
§—

Fig. 9 Controller Flow Chart

Frype2,» which was first calculated from Skyhook Control
Type2, is applied to the controlled section through two logical
terms. The applied logical terms absorb vibrational energy.
For first logical term, the MR damping force calculated when
the direction of Frype, and $ coincided, and Frype, is
valid. Regarding the second logical term, the MR damping
force calculated when the product of Z;and § is positive, and
Frypez is valid. Regarding the MR damping force to be
applied, Fyr, 0 is applied rather than the calculated MR
damping force Frype, if either logical term is invalid. In the
section where both logical terms are satisfied, the applied MR
damping force Fy g is determined as Frype;. There is a case
in which instantaneous fluctuation in control damping force
occurs at a point where the effectiveness changes when taxiing
on the random road surface designed. This decreases the
control effect by generating chattering in the upper mass
acceleration, and accordingly, the control damping force was
designed to be smooth by applying the sigmoid function.

4. Monte-Carlo simulation results and discussion

A simulation was performed to evaluate taxiing from 100
knots to a stop over 40 s on non-stationary random road
surface modeled in Chapter 2. Whether a control effect is
observed depends on how much lower the RMS value of the
upper mass acceleration is, compared to the passive type. In
order to express the degree to which the RMS value of the
upper mass acceleration has decreased compared to the

passive type (when not controlled), the performance index
Jrm s Was introduced [16].

Yit, Ze(®)?
i s= B x 100(%) (12)

Here, Z, is the upper mass acceleration during control, and
Znc represents the upper mass acceleration when uncontrolled.
A lower performance index Jgj s is associated with a better
control effect.

(2.

—‘Passive
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=)
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\ Skyhook Control
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Time(sec)
Fig. 10 First Simulation Results

Table 2 Optimum Control Gain Value (50 km/h)

Gain Jru's Gain Jru's
(Typel) (%) (Type2) (%)
Passive 100 Typel 99.73
100 99.91 100 99.12
200 99.84 120 98.85
300 99.79 140 98.43
400 99.73 160 98.16
500 Chattering 180 Chattering
Table 3 Jpy sof First Simulation
100-0 kn 75-0 kn
Type Percent(%) Type Percent(%)
Passive 100 Passive 100
Skyhook Skyhook
Control 99.73 Control 98.17
Skyhook Skyhook
Control 98.16 Control 96.88
Type2 Type2
50—0 kn 25-0 kn
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Type Percent(%) Type Percent(%)
Passive 100 Passive 100
Skyhook Skyhook
Control 95.91 Control 93.48
Skyhook Skyhook
Control 91.16 Control 87.20

Type2 Type2 -

Control Damping Force
T T T
300
200 =
100
£ 0 iy | 'l
0 | | \
o
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w
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300 J
-400
0 5 o 15 ® 2% 30 35 4
Time(sec)
Fig. 11 Control Damping Force
30t
20¢

Force (kN)
[ =]

Velocity (m/s)

Fig. 12 Force-Velocity of MR Damper

Table 2 presents the simulation results per control gain
through the trial and error method of Skyhook Control Type 2.
Fig. 10 and Table 3 illustrate the results of the first. They
show the results corresponding to passive and each control
method in the section ranging from 100, 75, 50, and 25 knots
to stop. Skyhook Control Type2 was confirmed to have the
best control performance compared to passive and skyhook
control in all sections. Fig. 11 is the control damping force
when the optimum control gain value is applied. This is a
value included in the available range of the control damping
force of the MR damper (refer to Fig. 12) [17].
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o 5 10 15 21 25 30 & 40
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o= 5 10 15 2 25 30 3 40,
°

Fig. 13 Matrix of the Monte-Carlo Simulation

Because the runway road surface is a non-stationary random
process, the shape of the road surface continuously changes every
time a sample function is extracted. Therefore, because it cannot
be interpreted in a definitive way, Monte-Carlo simulation is the
most suitable analytic method. As shown in Fig. 13, a Monte-
Carlo simulation was conducted by statistically processing 1000
non-stationary random process samples in ensemble dimension
(by time step).

The number of Monte-Carlo simulations proceeded to the
number of times at which the statistical convergence of the
simulation is guaranteed. For statistical convergence, a
method that verifies the convergence by deriving the variance
value of the upper mass acceleration VAR = E[|Z;]| —
E(|Z1])?] for each time step was employed. When the
variance value for each time step converged at a certain
number of simulations, the statistical characteristics do not
change even if additional simulations are performed
afterwards; accordingly, the reliability of the results can be
determined. Because there is a possibility that the results of
each sample function may cancel each other, statistical
processing was performed using the absolute value of the
upper mass acceleration. When the simulation was run with
1000 sample functions, variance values converged as shown in
Fig. 13. Simulation results are shown in Fig. 15-16, and Table
3.

45 T i i

40sec

---35sec

40 30sec:

35 | -~ 20sec

} 18sec

sofl} —10sec
i —bsec

Variance

0 100 200 300 400 500 600 700 800 900 1000
Simulation Number

Fig. 14 Variance at 5 s intervals
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Fig. 16 Variance of 1000 Simulations
Table 4 Jgy s of Monte-Carlo Simulations
100-0 kn 75-0 kn
Type Percent (%) Type Percent (%)
Passive 100 Passive 100
Skyhook Skyhook
Control 98.78 Control 97.78
Skyhook Skyhook
Control 97.27 Control 96.28
Type2 Type2
50-0 kn 25-0 kn

Type2 was found to have the best control effect compared to
passive and skyhook control. This is because the control
damping force obtained by additionally receiving the upper
mass acceleration from Skyhook Control Type 2 compensates
for the section where the control effect is poor due to low
upper mass velocity. As shown in Fig. 15-16 and Table 4, the
control effect that was weak in the high-speed range increased
as it transitioned to the low-speed range, and the variance
value decreased. This occurred because the frequency of
excitation transmitted from the road surface is determined by
the aircraft’s run speed. Because the excitation of the road
surface has a high frequency in the high-speed taxiing area,
the external force applied to the landing gear is also a high-
frequency input. Since landing gear acts like a low-pass filter,
upper mass displacement is characterized by the removal of
high-frequency components, while lower mass displacement
can hardly filter the excitation force on the road surface [4].
This difference in dynamic characteristics between the upper
and lower mass displacement leads to frequent sign changes of
the stroke, which causes the control effectiveness to vary, and
this limits the area where the control is in effect. The small
section where the control is in effect is transferred to the
uncontrollable area before sufficient damping force is applied.
Thus, it is impossible to apply sufficient control damping
force, which decreases the control effect.

5. Conclusion

Aircraft taxiing on the runway is subjected to excitation from
the road surface. The acceleration of the upper mass caused by
the excitation hinders the feeling of boarding. When skyhook
control, which is widely used in automobile suspension, was
applied to improve the feeling of boarding, The boarding
feeling was improved. However, the control effect is weak
because sufficient control damping force cannot be applied in
the section with low upper mass velocity. To solve this,
Skyhook Control Type 2, which feeds back the upper mass
acceleration, was applied.

The white noise model suggested by Sinozuka was used to
design the runway road surface, and the characteristics of the
runway were taken into account. The sample runway surface
obtained through this has a probabilistic property, and
accordingly, Monte-Carlo simulation, which is a statistical
analysis method, should be applied. The number of
simulations and the number of sample functions were set to
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1000, and this was determined by checking the statistical
convergence of the simulation.

As a result of the simulation, Skyhook Control Type2 was
confirmed to have the lowest performance index than the
passive type (when not controlled) and Skyhook control; this
indicates that the control effect is excellent. Fig. 15-16 and
Table 4 show that there is no significant difference compared
to the passive type in the high speed range. The control effect
in the high-speed range does not differ significantly from the
passive type because the excitation force transmitted from the
road surface is high frequency input when an aircraft is taxiing
at a high speed; accordingly, the controlled section is limited
due to frequent fluctuation in control effectiveness. Thus, even
before the control damping force is sufficiently applied, it
becomes uncontrolled, weakening the control effect. However,
the control effect of Skyhook Control Type2 was confirmed to
be remarkable in the low-speed range. Particularly, in the case
of skyhook control compared to the passive type at 25-0 knots,
the Jpms was 93.43%, indicating an improvement of
approximately 6%. In the case of Skyhook Control Type2,
Jrm 5= 87.03%, which is an improvement of 13%. The results
of the Monte-Carlo simulation on the feeling of boarding
improvement with landing gear taxiing on a non-stationary
random road surface confirm that Skyhook Control Type2
exhibits the best control effect compared to passive and
skyhook control.

Epilogue

This study was carried out with the support of the Korea
Evaluation Institute of Industrial Technology as part of the
“Aerospace part technology development project (10073291)”
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