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Abstract: The landing gear of an aircraft serves to mitigate the vibration and impact forces transmitted
from the ground to the fuselage. This paper addresses magneto-rheological (MR) damper landing
gear, which provides high shock absorption efficiency and excellent stability in various landing
conditions by adjusting the damping force using external magnetic field intensity. The performance
and stability of an MR damper was verified through numerical simulations and drop tests that
satisfied aviation regulations for aircraft landing gear. In this study, a prototype MR damper landing
gear, a drop test jig, and a two-degree-of-freedom model were developed to verify the performance
of the MR damper, with real-time control, for light aircraft landing gear. Two semi-active control
algorithms, skyhook control and hybrid control, were applied to the MR damper landing gear. The
drop tests were carried out under multiple conditions, and the results were compared with numerical
simulations based on the mathematical model. It was experimentally verified that as the shock
absorption efficiency increased, the landing gear’s cushioning performance significantly improved
by 17.9% over the efficiency achieved with existing passive damping.

Keywords: semi-active landing gear; magneto-rheological damper; drop test; drop simulation

1. Introduction

An aircraft’s landing gear supports its fuselage on the ground and mitigates the
vibration and shock transmitted to the fuselage during landing and taxiing [1-4]. Aircraft
are commonly set up with traditional passive oleo-pneumatic landing gear that delivers
high shock absorption efficiency [5]. However, it is difficult for passive landing gear to
satisfy the optimal performance specifications of various landing situations outside of
design conditions. Semi-active landing gear systems offer the advantages of both passive
and active systems [6—8]. Similar to active systems, they are able to adjust their damping
force according to the control input, and they also ensure stability by reverting to passive
mode when control is not possible. To provide an adjustable damping force, some semi-
active landing gear designs incorporate a variable orifice [9] that regulates the orifice area
through which the fluid flows during damper motion, and the magneto-rheological (MR)
damper landing gear utilizes MR fluid that produces yield stress under a magnetic field [10].
MR damper landing gear systems are seen as advantageous due to their simple structures,
relatively large controllable forces, and fast responses to control input. In addition to their
use in aircraft landing gear designs [11-17], MR dampers have been applied to a multitude
of applications for the attenuation of shock and vibration, including vehicle suspension
systems, clutches, brakes, and seismic design structures [18-21].

The performance and stability of newly developed aircraft landing gear are evaluated
through drop tests, which are previously verified through numerical simulations. Multiple
numerical drop test simulations are performed with a mathematical model of the landing
gear to analyze the dynamical behavior and predict the structural loads that are borne
during landing. As a model of the landing gear, a simple two-degree-of-freedom system

Aerospace 2021, 8, 272. https:/ /doi.org/10.3390/aerospace8090272

https:/ /www.mdpi.com/journal/aerospace


https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0003-4461-8243
https://doi.org/10.3390/aerospace8090272
https://doi.org/10.3390/aerospace8090272
https://doi.org/10.3390/aerospace8090272
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/aerospace8090272
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace8090272?type=check_update&version=2

Aerospace 2021, 8, 272

20f 15

is commonly used, where the dynamic equation incorporates the internal and external
forces acting on the landing gear [22,23]. This simplifies the complex behavior of the
system. Experiments are performed with a landing gear prototype and a drop test jig [24];
which are designed to satisfy test conditions and accommodate the sensors required for
the semi-active control system. The landing gear prototype should be designed and
manufactured to ensure structural safety during and after repeated experiments without
leakage. The performance of the MR damper landing gear can be verified by investigating
the characteristics of the MR damper using the drop test jig with real-time control over the
damper [25,26].

Various control methods have been proposed, as control algorithms for MR damper
landing gear, including the skyhook, hybrid, sliding mode, and neural network methods.
Skyhook control, which has been shown to be effective in vehicle suspension design, has
been applied to MR damper landing gears to improve their performance through simula-
tions [16,27]. The hybrid control method is a combination of skyhook and force control,
and it was initially proposed to obtain higher shock absorption efficiency than skyhook
control alone when applied to MR damper landing gear [28,29]. An adaptive controller was
also investigated as a method for the consideration of conditions such as sprung mass, sink
speed, operating temperature, and the MR fluid damping coefficient [30,31]. In addition, a
neural network controller capable of maintaining performance goals in various landing
situations was applied to an MR damper landing gear design [32]. However, although
theoretical studies have been continually conducted with mathematical models of MR
damper landing gear designs, it is critical to carry out actual experiments to verify the
performance of these control techniques in practical landing situations. To the best of
the authors” knowledge, no studies have been published that experimentally verify the
performance of an MR damper landing gear configuration in terms of shock absorption
efficiency, with a prototype, in a drop test environment.

For this study, a 1/3-scale MR damper landing gear prototype and a drop test jig
were constructed, and we performed drop tests comparing the numerical simulations with
two-degree-of-freedom modeling. The prototype was based on the scale and performance
of the main landing gear used for the Beechcraft Baron 55, and sensors were installed for
real-time control. The characteristics of the MR damper were analyzed with and without
applying the skyhook and hybrid control to the damper as semi-active control algorithms.
Drop test experiments were conducted on various conditions of the sprung mass and
sink speed with a real-time control system, and this experimentally verified that the MR
damper landing gear’s performance significantly improved when the semi-active control
algorithms were applied.

The structure of the paper is arranged as follows. Section 2 shows the design and
modeling of a single landing gear equipped with an MR damper. Section 3 describes the
prototype, drop test jig, and data acquisition system. The drop test experiment is explained
in Section 4; Section 5 details and analyzes the experiment results, and conclusions are
provided in Section 6.

2. MR Damper Landing Gear
2.1. Structure of MR Damper Landing Gear

With MR damper landing gear, the damping force can be adjusted depending on the
magnetic field strength of the passage where MR fluid flows with the damper’s motion.
The MR damper landing gear’s structure is similar to that of a conventional passive oleo-
pneumatic landing gear setup, except it features an annular cross-sectional flow passage
in the piston to maximize the properties of the MR fluids. The cross-sectional view of
the structure of the MR damper landing gear covered in this study, as well as the fluid
flows at each compression phase, are shown in Figure 1. As the piston moved through the
compression and extension phases of the damper, MR fluid flowed through the narrow
annular passage in the piston and thus caused a pressure drop downstream due to the
viscosity of the fluid. Multiple coils were wound inside the piston, forming several poles,



Aerospace 2021, 8, 272

30f15

surrounded by the annular passage. The magnetic field was formed in the passage by
controlling the current flowing through the coils. The wire that supplied the current to the
coils was connected to an external power amplifier passing through the upper chamber and
the upper cap gland of the cylinder. As the magnetic field formed across the passage, micro-
particles of MR fluid were aligned so that the system produced yield stress proportional to
the field and provided additional damping force.

<— Cable Gland

Electrical Current: OFF

Upper
Chamber
A
Stroke
Electrical Current: ON
Core &
Annular Duct
Relief Valve
MR particle
Lower
Chamber
Separator
Air Chamber Cylinder gland

Tire e——p

L

Figure 1. Landing gear equipped with an MR damper.

The piston and cylinder moved with high-pressure seals between them. These seals
minimized the friction and incorporated an O-ring to prevent leakage and a scraper to
protect the piston’s outer wall. A lightweight separator with a seal inside the piston was
installed to prevent fluid leakage from the lower chamber to the air chamber. The volume of
the fluid flowing between the upper and lower chambers with the movement of the damper
was offset by the air chamber’s volume change. Thus, for example, as the piston moved
up, the MR fluid flowed into the lower chamber, and the air chamber was compressed by
the same volume of fluid entering into the lower chamber. This caused a pressure rise in
the lower chamber and the air chamber, and thereby provided the damper with an elastic
force. Notably, the upper chamber pressure was higher than the lower chamber pressure
since the piston pushed the fluid of the upper chamber through the passage, and pressure
loss occurred due to the viscosity and yield stress. When the damper was extended, the
lower chamber pressure was higher, so that the fluid flowed to the upper chamber, and a
ring-shaped relief valve around the side of the piston was opened. The fluid subsequently
flowed through the passage between the piston and the inner wall of the cylinder, and
thus a much smaller amount of damping force was applied in the extension phase. This
prevented the tires from bouncing and detaching from the ground.
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2.2. Mathematical Model

The two-degree-of-freedom system model for the dynamics of the MR damper landing
gear is expressed as an equation of motion, as follows:

mlil = —(Fa +Fd + Ff) + mig

. 1
mpzy = (Fa+Fd+Ff)—FT+m2g @

mj and my are the sprung mass and unsprung mass, respectively, z; and z, are the
corresponding displacements, Fr is the tire reaction force from the ground, and g is the
gravitational acceleration. F is the strut force, which is composed of the compressed air
force (F,) from the air chamber, the damping force (Fy4), and the friction force (Ff) between
the piston and the cylinder, as shown in Figure 2.

m
(Sprung mass

1
) I 2
A Fe
Fg + Fr

ma

(Unsprung mass) I 2

fr

Figure 2. Modeling the landing gear equipped with the MR damper.

Fs =F,+F3+F¢ 2)

The shock absorption efficiency used in this study can be described as follows:

SmaxF d
E [%] = Jo™Esds 0 3)

F s, max "Smax

where s = z; — z; is the stroke of the damper, i.e., the relative displacement of the cylinder
and piston. The shock absorption efficiency can be expressed as the ratio of energy dissi-
pated by the landing gear to the total mechanical energy of the aircraft just before making
contact with the ground. It is calculated by integrating the force from the initial stroke
with the stroke of the maximum compression. Thus, the shock absorption efficiency can be
characterized using the strut force-stroke diagram, which can be seen in Figure 3. As the
shape of the diagram is to the square shape, the obtained efficiency increased.

When modeling a damper, the internal and external forces applied to the damper need
to be specified. Immediately after the landing gear touches the ground, the tire reaction
force and thus the strut force acting between the piston and the cylinder are applied. First,
the air pressure in the air chamber forms the air force, which can be expressed as follows [1]:

Vo \"
Fa = Aa|Pao Vo—Ais) Parm 4)
a

In this equation, P,p and V) are the initial pressure and volume of the air chamber,
respectively, A, is the piston’s cross-sectional area, including the outer wall, Pty is the
atmospheric pressure, and n is the polytropic index.
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Figure 3. Strut force-stroke diagram.

The total damping force (F4) acting on the MR damper landing gear consists of
the hydraulic force (Fy) that occurs due to the pressure drop with the fluid viscosity,
and the controllable force (F.) that occurs due to the yield stress of the MR fluid via
the magnetic field that develops in the passage of the piston. The hydraulic force is
asymmetrically applied during the compression and extension phases via the relief valves
used in the landing gear. Because the entrance length through the annular passage where
the developing flow appears is not negligible compared to the total length of the passage,
the developing flow in the annular pipe is considered in the modeling of the hydraulic
force due to the viscosity [23].

2
_ 5.995.L Q
Fromy = Ap[ e Q+0.3436p( 2 ) }
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Aj and Aj are the cross-sectional areas of the annular passages inside and outside
the piston, R; and R; are the center radii of the annular passages, and t; and t, are the
gap sizes of the annular passages. L is the total passage length, A is the cross-sectional
area of the piston excluding the outer wall, and y, p, and Q are the viscosity, density and
volume flow rate, respectively, of the MR fluid. Fy, , and Fy, are the hydraulic forces of
the compression and extension phases, respectively.

The controllable force (F.) appears when the magnetic field forms across the flow
passage next to the coils of the piston. Subsequently, the external magnetic field produces
the yield stress of the MR fluid, which generates an additional pressure drop downstream
of the flow and the controllable damping force.

12Qu

12Qu + 0.8t R1tg ©)

1
F. = C—PTC-Ap , where ¢ = 2.07 +
t

In this equation, T is the yield stress of the fluid, l;, is the total length of the coil
poles, and c is the nonlinear coefficient determined by the flow rate and the yield stress.
Because the efficiency of the landing gear is determined during the initial compression, no
additional damping force is required for the extension phases. Therefore, in this study, the
control force derived from the MR’s characteristics was applied only during compression.

1P
+ oAy @)

5.995uL Q

2
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The external force from the ground acting on the landing gear, i.e., the tire reaction
force (Fr), can be expressed as follows.

FT = kT 'Zzb (8)

kt is an index used to consider tire stiffness and b is an index used to assess the
nonlinearity of the tires’ reaction force.

2.3. Controllable Force of the MR Damper

LORD MRF-140CG was used as the working fluid of the MR damper landing gear.
This is an intelligent fluid, and the yield stress varies with the intensity of the external
magnetic field. The magnitude of the controllable force generated through the internal flow
passages can be investigated through experiments.

Semi-active control algorithms should use experimentally evaluated controllable
forces with an applied current. The experiments on the MR damper controllable force
characteristics were conducted by mounting the MR damper landing gear on a drop test jig
and carrying out drop tests. The controllable force was measured by varying the current
applied to the MR damper core from 0 A to 1 A at 0.25-A intervals. The results are shown
in Figure 4. As more electrical current was applied, the control damping force increased,
and when 1 A of current was applied, the maximum value of the MR force was measured
at 1.7 kN.

25

T
Current [A]
[

—p—025
0.5

b .75
——1

Controllable force [kN]

05

0 0.5 1 15 2 25
Stroke Velocity [m/s]

Figure 4. Stroke velocity vs. controllable force, according to applied current.

3. Experiment Setup
3.1. Test Jig and Components

The features of the MR damper landing gear covered in this study were based on
the main landing gear structure of a Beechcraft Baron 55. The prototype fabricated and
assembled for the performance test assessment is shown in Figure 5. The parameters of the
designed MR damper landing gear are listed in Table 1. A side strut was connected to a
cylinder and drop carriage to keep the cylinder in a position vertical to the ground, and a
torsion link prevented the relative rotational motion of the cylinder and tire connector. The
L-shaped tire connector created a large amount of friction force during the fall, which was
caused by the normal force on the seals due to the ground reaction moment. Accordingly, a
balanced T-shaped tire connector with two tires was combined with the piston to minimize
this phenomenon. A ball valve was located at the bottom of the piston, allowing nitrogen
gas to be injected into the air chamber. Figure 6 represents a drop test jig equipped with
the MR damper landing gear and data acquisition system, including the sensors. A drop
carriage capable of coupling dummy weights for various sprung mass conditions was fitted
to the landing gear. On the ground, an electric hoist was employed to set various drop
heights, using cables. The cable end of the electric hoist was attached to a drop carriage
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with a release device that could be manually disconnected. When the landing gear and
drop carriage were raised to a height where the target sink speed could be acquired, the
release device was operated, and the landing gear and drop carriage fall vertically as the
four bearings moved along the main columns. The weight of the landing gear without tires
was 15 kg, and it had a maximum compressible stroke of 220 mm. The drop test jig was
designed to meet the drop test conditions specified in the Federal Aviation Regulations,
Part 23.725 (FAR), when the drop height is 500 mm, measured at 3.1 m/s [33].

Beechcraft Baron 55 e
& r [
e i g
rl r , T
ol i )
T P e —— - & o
il J 1 PP, — I I
— ., T il I bl —— ' gt
T, —— 3 T—— ) i
T E. 11 e — )
wl [ * S " Y T el
T, 1 . g I ™ e -~
e | e 1 I
— — ! 5 T e
i o s i e
L1 = B
Ll e & L
[ ¥ | - |
. L ™ 3 .
L e
o c—

Cylinder

Core

{ ¥ i
Tire
connector

Prototype fabricated Prototype assembled

Figure 5. MR damper landing gear [34].

Drop test jig

Bearing

| AD/DA Converter

e

| Power Amp. s

Figure 6. Experimental setup.
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Table 1. Parameters of the MR damper landing gear.

Parameter Value
Total weight of the MR damper, W 15 kg
Maximum compressible stroke, Smax 0.22m
Piston area, including the outer wall, A, 2.018 x 1073 m?
Piston area, excluding the outer wall, Ap 2551 x 1073 m?
Gap sizes of the annular passages, t1, t 21x107%m, 24%x103m
Center radii of the annular passages, Ry, R, 2187 x 1073 m, 27.3 x 103 m
Fluid density, p 3540-3740 kg /m3
Fluid viscosity, n @40 °C 0.28 +£0.07 Pa-s
Maximum yield stress, Ty max 58 kPa
Number of turns, N 900
AWG of the wire 27

3.2. Data Acquisition and Control System

A multi-input-single-output control system was used for the MR damper landing
gear constructed in this study. The displacement and acceleration of the sprung mass
were measured using a laser displacement sensor installed on the ground (OD1000 SICK
AG, Waldkirch, Germany) and an acceleration sensor (2220-010 SDI Inc., Kirkland, WA,
USA). The stroke, which was the relative displacement of the cylinder and piston, was
measured using a wire displacement sensor (5X50-250 WayCon GmbH, Briihl, Germany)
connected to the cylinder and tire connector. The measured acceleration and stroke data
were numerically integrated and differentiated, producing the sprung mass velocity and
stroke velocity data. The sprung mass velocity and stroke velocity were fed into the semi-
active controller, which was used to calculate the current applied to the MR damper core.
The landing gear controller in this study used skyhook and hybrid control to calculate
the output current, and it passed this signal to the power amplifier (EC750SA NF Corp.,
Kohoku-ku, Japan). The amplified output was transferred to the MR damper core within the
landing gear, forming a magnetic field and producing a controllable force. The magnitude of
the generated force was measured using pressure data obtained from two pressure sensors
(TST-10 Tival Sensors GmbH, Wuppertal, Germany), one of which was connected to the
upper chamber and the other to the lower chamber. The data acquisition device used a
DS1104 board (ASPACE GmbH, Paderbom, Germany); the control system was implemented
using the MATLAB/SIMULINK Real-Time Interface (RTI), and the sampling frequency
of the control loop was set at 1 kHz. The compiler of the DS1104 board automatically
created the designed controller algorithm as a file for use by the Control Desk software,
making it very easy to configure a real-time control system without the need for additional
programming.

4. Drop Experiment

To evaluate the performance of the MR damper landing gear, we performed drop tests.
The drop test experiments in this study were focused on verifying the shock absorption
performance of the landing gear. The sprung mass (m;) was set at 1/3 of the mass each
landing gear was responsible for in the reference model (Baron 55). First, a drop test was
conducted without control input to analyze the dynamic characteristics when the MR
damper landing gear was operated passively. To determine the dynamic properties of the
sprung mass, we set the drop height to 500 mm, increasing the weight of the drop carriage
to 200, 230, and 245 kg. To determine the characteristics of the drop height, the weight of
the drop carriage was fixed at 245 kg, and the drop height was set at 400 mm and 500 mm.
To verify the performance of the control applied to the landing gear, we chose a sprung
mass of 245 kg. The drop height was set at 500 mm to achieve the sink speed specified
in Federal Aviation Regulation (FAR) 23.725. As control algorithms, skyhook and hybrid
control were applied to the landing gear. The skyhook control algorithm is known to be
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effective in controlling attenuation forces in vehicle suspension systems. The control force
calculated by the skyhook control is as follows.

1::sky = Csky 'Zl (9)

where Cgyy is the control gain of the skyhook control algorithm, and z; is the vertical
velocity of the sprung mass. Hybrid control is employed to compensate for the control gain
setting, as skyhook control does not produce sufficient control damping force at low stroke
velocity [25]. Hybrid control is a combination of skyhook control and force control [14].
The latter attempts to predict the force acting on the landing gear and generate the control
force via the difference in the preset reference load. In hybrid control, skyhook control is
applied during the entire interval in order to generate control damping forces. However, in
low-velocity intervals, force control is further used to create appropriate control forces in
order to maximize the efficiency of the shock absorption.

Figure 7 shows the flow diagram of the hybrid control algorithm and the conceptual
diagram of the strut force —stroke curve. Hybrid control algorithms first applied skyhook
control with the skyhook gain so that the first peak and second peak at the strut force-stroke
diagram were at the same level. It then set the force at the first peak as the reference load
(Feom) and added a control damping force to match the difference between the reference
load and the actual force, so as to act on the landing gear as the final control damping
force. As a result, the shape on the strut force-stroke diagram was closer to a rectangle,
demonstrating a higher shock absorption efficiency. Figure 8 represents a hybrid controller
configured using MATLAB/SIMULINK RTI and the simulation model. The vertical velocity
data for the sprung mass and stroke velocity data were input to the skyhook control
algorithm, and the stroke data and stroke velocity data were input to the force control
algorithm, as shown in Figure 8a. Depending on the experimental conditions, we applied
a controller to the MR damper landing gear by selecting skyhook and hybrid control,
respectively.

—
—_— s'fk::r;l.;s Znd Peak
; T Ist Peak

Force Control

Strut Force

i
_____________________ Stroke

(a) (b)

Figure 7. Hybrid control: (a) Flow diagram; (b) Conceptual diagram of the strut force-stroke curve.

To compare the drop test results with the simulation results, we modeled the MR
damper landing gear and the hybrid controller using SIMULINK Simscape, as shown in
Figure 8b. When we applied the control method to the MR damper landing gear, there
was a time delay before the control force fully acted due to the response time of the MR
damper, which ranged from 20 to 30 ms. Because of this, the MR damper was assumed to
be a first-order system. The initial conditions of the simulation were set to be the same as
those of the drop test.
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Figure 8. MATLAB/Simulink diagram: (a) Hybrid controller with dSPACE; (b) Simulation model
using Simpscape.

5. Experimental Results

The total internal force acting on the landing gear was too harsh to be accurately
measured in the experiment. Therefore, in this study, the ground reaction force was used
to investigate the landing characteristics. The results of the drop test for the MR damper
landing gear covered in this study were as follows. First, at the same drop height of 500 mm,
the stroke, the stroke velocity, the forces acting on the landing gear, and the ground reaction
force-stroke diagrams of the drop tests for various sprung masses are shown in Figure 9.
The solid and dashed lines represent the experimental and simulation results, respectively.
The maximum compression stroke was shown to increase as the sprung mass increased,
while the maximum stroke velocity demonstrated similar values. Because the landing gear
fell from the same height, the vertical landing speed (i.e., the sink speed) was the same. At
this point, the kinetic energy of the sprung mass, including the cylinder, was the energy that
the landing gear was to absorb and dissipate and was proportional to the that of the sprung
mass. The volume of the gas chamber sealed by the separator decreased as the stroke
increased, and as the maximum compression stroke increased, the maximum gas pressure
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increased. The air force generated by the gas pressure converted the kinetic energy into
potential energy in the compression process. Due to the pressure drop induced by the flow
in the annular passage, the hydraulic force acting on the landing gear dissipated kinetic
energy. Thus, the energy dissipated by the hydraulic damping force is shown to be similar
in Figure 9e, and the potential energy absorbed by the air force increased with heavier
sprung masses, as shown in Figure 9¢,f. As the ground reaction force-stroke diagram
shows, the first peak, which was determined by the maximum hydraulic force, reached
similar levels in all cases. The second peak, which was determined by the maximum air
force, increased as the sprung mass increased. The trend of this rise closely approximated
that of the polytropic curve, indicating that the volume and pressure of the gas chamber
conformed well to the polytropic law (n = 1.3). The changes in the two peaks were also be
observed in the time series of the ground reaction force, and since this always had positive
values, we inferred that the tires of the landing gear remained in contact with the ground.
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Figure 9. Drop test results for various sprung masses (200 kg, 230 kg, 245 kg), with a sink speed of 3.1 m/s; (a) Stroke;
(b) Stroke velocity; (c) Ground reaction force for stroke diagram; (d) Air force; (e) Hydraulic force; (f) Ground reaction force.

Second, Figure 10 shows the drop test and simulation results performed by varying
the drop height under the sprung mass of 245 kg. When the drop heights were 400 mm
and 500 mm, the sink speeds were measured at 2.7 m/s and 3.1 m/s, respectively.

As the sink speed increased, the maximum values of both the stroke and the stroke
velocity were shown to increase. Because the sprung mass was the same, the kinetic
energy on landing was proportional to the square of the sink speed. Despite the increased
maximum hydraulic force, which dissipated the kinetic energy, the maximum amount of
air force also increased, meaning that the increase in kinetic energy due to the rise in the
sink speed was greater than the increase in energy dissipated by the hydraulic force. With
that difference, the energy absorbed by the gas chamber increased, resulting in an increase
in the maximum air force. This was also confirmed by the ground reaction force—stroke
diagram. Among the forces acting on the landing gear, the time taken for the hydraulic
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force to reach its maximum value was similar, but the time it took for the maximum air force
to occur decreased as the vertical landing velocity increased. To simplify the mathematical
modeling, the tire damping effect was ignored and only the pressure drop according to the
shape of the flow passage was considered, particularly in the extension phase. This caused
differences to emerge between the simulation and experimental results.
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Figure 10. Drop test results for various sink speeds (2.7 m/s, 3.1 m/s), with a sprung mass of 245 kg: (a) Stroke; (b) Stroke
velocity; (¢) Ground reaction force for stroke diagram; (d) Air force; (e) Hydraulic force; (f) Ground reaction force.

Next, a semi-active control algorithm was applied to perform a drop test and simula-
tion. The results are shown in Figure 11. The ground reaction force-stroke diagram shows
that the results of the simulations and experiments tended to be similar. When the MR
damper landing gear was passive, the first peak was lower than the second peak. When
the skyhook control algorithm created two peaks at similar levels in the diagram, it further
dissipated energy via the control force generated. This reduced the maximum load acting
on the landing gear and increased the efficiency of the shock absorption. The application of
hybrid control with the first peak as the reference load created additional control forces that
filled the dent between the two peaks. It also increased the amount of energy dissipated
during the landing process. This can be seen from the diagram, in which the second peak is
32% lower than that in the passive landing gear. As with the results of the drop simulation,
there was a delay in the operation of the MR damper until the control force was applied,
indicating that the ground reaction force that did not work strictly on sprung mass did not
act uniformly between the first and second peaks. The semi-active control algorithms for
the MR damper were only applied during the first compression phase, i.e., 140 ms after
landing, as shown in Figure 11b. The main results of the drop test using semi-active control
algorithms are summarized in Table 2. When we applied the hybrid control algorithm, the
maximum stroke was reduced by 5.7 mm compared to the passive type, and the efficiency
of the shock absorption increased by 17.9% to 90.8%. Compared to the oleo-pneumatic
damper, the complexity of the structure and weight of the MR damper did not increase
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significantly. Therefore, the MR damper landing system could extend the life of the aircraft
by reducing the impact transmitted to the aircraft on the ground. In addition, when landing
in an emergency, fuel jettison may be less likely if MR damper landing gear is used.
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Figure 11. Drop test results for control algorithm (sink speed = 3.1 m/s, sprung mass = 245 kg): (a) Ground reaction force
for stroke diagram; (b) Control input, current.

Table 2. Drop test results.

Max. Strut Efficiency Efficiency
Type Max. Stroke Force (Experiment) (Simulation)
Passive 196.9 mm 11.6 kN 72.9% 73.5%
Skyhook 192.1 mm 9.8 kN 87.6% 82.4%
Hybrid 191.2 mm 9.8 kN 90.8% 90.2%

6. Conclusions

In this study, we experimentally validated the performance improvement of semi-
active MR damper landing gear by fabricating an MR damper prototype and drop test jig
and performing drop tests by applying a semi-active control algorithm (i.e., skyhook and
hybrid control). First, we investigated the first and second peak changes on the ground
reaction force-stroke diagram, depending on the sprung mass and sink speed when the
MR damper landing gear operated passively, and we confirmed that the results of the drop
test simulations and experiments tended to be the same. When the sprung mass changed,
the maximum air force acting on the landing gear changed, resulting in a change in the
second peak on the ground reaction force-stroke diagram. When the sink speed increases,
the maximum value of the damper stroke velocity rose, which increased the hydraulic
force at the beginning of compression. Furthermore, the increase in energy stored in the
air chamber due to the rise in MR damper strokes can be seen on the ground reaction
force-stroke diagram.

The skyhook and hybrid semi-active control algorithms were applied to the MR
damper landing gear to conduct drop test experiments and simulations with a sprung mass
of 245 kg and a sink speed of 3.1 m/s. When the skyhook control was applied to the MR
damper landing gear, the two peak values in the diagram were set to the same level. When
using hybrid control, the results of the drop test simulations and experiments confirmed
that additional control force can be generated between the two peaks to maximize the
performance of the shock absorption. The maximum load and maximum stroke acting on
the MR damper landing gear was significantly reduced compared to the passive landing
gear. The shock absorption efficiency of the landing gear improved by 17.9% over the
passive operation. Under the design conditions, the passive oleo-pneumatic damper
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achieved high efficiency levels, up to 90%. However, under off-design conditions, the
efficiency decreased rapidly. By employing the MR damper, it is possible to expand the
range of landing conditions while maintaining high efficiency. Furthermore, we expect that
reducing the delay in generating the MR damper control forces will enable us to maintain
a constant strut force from the first peak to the second peak, thereby securing a better
performance from MR damper landing gear.
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