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ARTICLE INFO ABSTRACT

Article history: This case study proposes the development of damping technology using intelligent

Received 21 December 2019 materials as working fluids for the landing gear of Unmanned Aerial Vehicles (UAV)

Received in revised form 31 March 2020 during the landing process. The intelligent materials to be used are magnetorheological

Accepted 17 April 2020 fluids (MRF), a liquid that has variable viscosity to magnetic fields. This intelligent

Available online 5 July 2020 material can improve the performance of the damping device by allowing it to have
variable damping features through viscosity changing. The proposed UAV
magnetorheological (MR) dampers design utilizes a magnetic valve that has an annular
flow channel configuration with a 0.5 mm gap size equipped with an electromagnetic
coil with adjustable current input. Both gap size and the current input selection affect
the performance of the damping device. This study discusses the performance to
reduce shock during the landing process. The performance is evaluated by analyzing
the pressure drop and damping force produced by the device with changes in the
current input variation. The numerical and simulation results show that the damping
characteristics of the device could be adjusted by changing the current input to the
electromagnet. The obtained results are then adjusted based on the needs of the UAV
in landing purposes. The study proved that the device performance is suitable to
absorb shock during the landing process of the UAV.
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1. Introduction

Unmanned Aerial Vehicles (UAV) is a remote-controlled aircraft from a stationary or mobile
command center. This vehicle does not have any human crew to drive the vehicle [1]. In general,
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UAVs have some common features as normal aircraft. The landing gear, steering system, and shape
of the vessel, they normally have a similar shape and same function to common aircraft [2].

One of the important components that are very useful for the UAV is a landing gear [3]. The basic
function of the landing gear is similar with common shock absorber which is to absorb and dissipate
the impact kinetic energy of the UAV’s chassis or body frame during it’s landing process [4,5]. Besides
absorbing the impact kinetic energy to reduce the vibrations transmitted to the UAV’s main body,
the landing gear has function to do maneuver during ground operations, such as takeoff, taxiing and
landing [6]. The landing process is the most critical process because it involves a large impact energy
transfer and the system must be operated stably under this condition. The original purpose of UAV
was for monitoring and patrolling in military field [7]. Along with the needs and technological
developments, the use of UAV technology has become favored by many application fields such as
the management of crops, fisheries, forests and heavy-lift objects [8].

In order to absorb and dissipate the impact of kinetic energy during a landing process, several
types of landing gear systems are applied. Oleo-pneumatic shock absorber system is the most
common type that is used to absorb the impact of kinetic energy and reduce vibration. Oleo-
pneumatic shock absorber system provides shock absorption effectively during landing and taxiing
process [9].

The proposed study aims to discuss the ability of UAV landing gear performance with Oleo-
pneumatic damper in heavy-lifting objects. The landing process of UAV must be balanced and stable.
In order to achieve a balance and stability of the landing process, a damping device performance give
a massive effect. In contrast to the general UAV damper that uses ordinary fluid, this study proposal
uses magnetorheological (MR) fluid as the working fluid, it’s called MR damper. As is well known that
MR fluid is a fluid whose properties can change due to the influence of a magnetic field. MR fluid can
generate field-dependent vyield stresses with the supply of external magnetic fields or electric
currents. The application of MR damper in the aerospace fields is relatively rare [10].

MR damper is a class of damping devices with a semi-active system. Semi-active systems have
several advantages over other types of damping systems, namely passive and active systems. NASA
already did research on active landing gear system in the 1970s. However, the active landing gear
system was large, heavy and requires a massive amount of energy to power its sensors and actuators
[10]. The semi-active system does not require high energy supply as active system. Moreover, the
damping force of semi-active system can be controlled to adapt an external environment condition
changes, whereas passive system cannot adapt to changes in the external environment conditions
[11].

According to the research by NASA in the 1970s that the active landing gear system was large,
heavy and requires high energy supply, this study is proposed with a new design semi-active MR
damper that takes into consideration an optimal size, weight and energy supply by mathematical and
simulation method.

2. Methodology
2.1 MR Fluids

The magnetorheological fluid is an intelligent fluid whose viscosity can change due to the
influence of a magnetic field [12-14]. The viscosity changes by forming chains in direction of flux lines
to the influence of a magnetic field as shown in Figure 1. In the absence of magnetic field, the MR
fluids are similar to the base fluid [15,16]. MR fluids have been used in many applications due to its
properties. One of the most popular applications that are being discussed is MR damper [17].
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Fig. 1. Liquid to particles form chains in direction of flux line [15]

The working fluid that is used in this proposal is MR fluid 132-DG by Lord Corp. Table 1 shows the
properties of the MRF-132DG.

Table 1
Typical properties of mrf-132dg by lord corp
Typical Properties*

Appearance Dark Gray Liquid
Viscosity, Pa-s @ 40°C (104°F) 0.112 £ 0.02

Calculated as slope 800-1200 sec*

Density

g/cm?3 2.95-3.15

(Ib/gal) (24.6-26.3)

Solids Content by Weight, % 80.98

Flash Point, °C (°F) >150 (>302)

Operating Temperature, °C (°F) -40 to +130 (-40 to +266)

2.2 MR Damper

An experimental setup configuration for the MR damper is established by the measurement of
the MR valve [18], as shown in Figure 2. The details of MR valve are shown in Figure 3. The MR damper
has 30 mm bore size, 69.5 mm stroke length and 12.5 mm rod size. The MR valve has an annular
configuration with 0.5 mm gap size. The gap size has been adjusted according to calculations to
achieve optimal damping forces and ease of manufacturing processes. The MR valve is divided into
four main components with different materials, as shown in Figure 3. This aims to optimize the
direction of magnetic flux. The flux lines can be directed through the flux route determination process
by combining higher permeability materials (magnetic materials) and the materials with lower
permeability (non-magnetic materials) in such a way so that the magnetic fluxes penetrate the MR
fluid channel. The magnetic circuit design of MR application usually uses penetration of magnetic
fluxes in the perpendicular direction to the direction of fluid flow [19]. Soft magnetic material is used
to fabricate the bobbin and cover. This soft magnetic material is selected for the purpose of attracting
the magnetic flux. On the other hand, both of the casings are fabricated with non-magnetic material.
This non-magnetic material aims to limit and deflect the direction of magnetic flux. So that the
direction of magnetic flux does not become disorganized. The coil uses 28 AWG copper wire.
According to the Farnell datasheets, this copper wire has part number ECWO0.315 with 0.315 mm
nominal conductor diameter and 0.219 Q/m at 20°C nominal electrical resistance. The wire through
along the path on the drilled rod.
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Fig. 2. The full Assembly MR damper
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Fig. 3. Details of MR valve

MR valve that is proposed in this study has several parameter definitions as shown in Table 2.
This MR valve has 16 mm effective area. The effective area is the area of the annular path gap that is
subject to the influence of a magnetic field so that the fluid responds to the magnetic field which
causes a change in its viscosity. The change of the viscosity results in an increase in pressure drop in
the gap of the fluid path. The area of the magnetic field and the direction of magnetic flux on the MR
valve can be simulated by Finite Element Method Magnetics (FEMM).

Table 2

The parameters data of the mr valve design

Parameters Descriptions Units Value
1n(MRF132DG) Fluid viscosity Pas 0.112
d Annular gap mm 0.5

L Annular channel length mm 8
Le=2xL Effective annular channel length mm 16

Ra Annular radius gap mm 24

Ro Piston radius mm 30

2.3 Finite Element Method Magnetic Simulation

Finite Element Method Magnetic Simulation (FEMM) is used to simulate the MR valve design. The
design that is simulated is 2D design with axisymmetric problem. FEMM simulation result the
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magnetic flux density which is used to calculate the pressure drop in on-state condition. The on-state
condition is the condition when the coil of the MR valve obtains an input of electric current. Figure 4
shows the result of FEMM simulation. By the simulation, magnetic flux densities on each electric
currents input are obtained. Then, those values are used to calculate the yield stress of the fluid with

Eq. (1) [20].

Ty(B) = -58.92B3+74.66B%+35.74B-3.387, for ty(B) > 0 (1)
7,(B)=0 , forty(B)<0

where B is the magnetic flux density (Tesla) and Ty is the yield stress of the fluid.
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Fig. 4. FEMM simulation results

This magnetic flux density is affected by the properties of the fluid, number of coil turns and the
variated current input of the MR valve coil. This MR valve design uses 350 number of coil turns with
four variated current inputs, 0.1, 0.2, 0.3 and 0.5 Ampere for the peak variated current input. The
result of magnetic flux density in each current input is 0.07, 0.08, 0.088, and 0.097 Tesla as shown in
Figure 4. For this MR valve design, the result shows that between all of the variated current inputs,
the peak magnetic flux density value is reached in 0.5 A with 0.097 Tesla. Then, the magnetic density
value results are used to predict pressure drops for on-state conditions.

2.4 Analytical Model

The pressure drop is predicted in two conditions, those conditions are the conditions when the
coil is not given an electromagnet current (off-state) and the condition of the coil is given an
electromagnet current (on-state). Both of those conditions have each equation to be calculated. Eq.
(2)-(3) expressed for off-state and on-state condition [21].

6nQL
APyiscous = % (2)
DPyies = =" 3)
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APyiscous is the equation for the off-state condition. In this condition shows that viscous pressure
drop (APuiscous) proportionally relates to the fluid viscosity (n), flow rate of the fluid (Q) and annular
channel length (L), inverse to the radius of the annular channel (Ra) and cubically inverse to the gap
of the annular channel (d). Then APieiq is the equation for on-state condition. This yield pressure drop
(APyieid) is proportional to the field-dependent vyield stress value (ty(B)), flow-velocity profile
coefficient (c) and annular channel length but inverse to the gap of the annular channel. The
coefficient c in yield pressure drop is obtained by calculating the ratio between field-dependent and
viscous pressure drop using approximation function in the following Eq. (4) [20].

_ 12Qn
c=2.07+ 12Qn+0.8wRd2%T(B) (4)

In order to find out the total pressure drop of the MR valve, the viscous and yield pressure drop
obtained from Eq. (2) and Eq. (3) are summed. The total pressure drop can be expressed in Eq. (5)
below [19].

AP = APyiscous + APyield (5)

In order to predict the ability of device applications in landing processes, the damping force (Fq)
must be predicted [22]. The generated total pressure drop from Eq. (5), then used to predict the
performance of damping force the MR damper that can be expressed in Eq. (6). Eq. (6) shows that
the damping force is proportional to the total pressure drop and the area of the piston valve (Ap). Eq.
(7) is used to calculate the area of the piston valve [23,24].

Fa=0PXAp (6)
Ap = T[Rzz) (7)
3. Results

The discussion of this study is presented in the performance of the MR valve generated pressure
drop and the performance of the damping characteristics of the UAV damper. The MR valve section
will discuss the variations of electromagnet current and the variation of piston speed that affect to
the performance of the pressure drop [25]. Meanwhile, in the MR damper section will discuss the
performance of MR valve is used to predict the performance of the UAV damper in generating
adjustable damping force.

3.1 Pressure Drop Prediction

The pressure drop prediction can be used to predict the performance of the MR valve. As in Eq.
(5), the total pressure drop is obtained by the addition between viscous (off-state) and yield (on-
state) pressure drop [26]. The result of the pressure drop in the off-state condition that is variated to
the piston speed is shown in Figure 5. The result shows that the pressure drop of the off-state
condition increases to the piston speed variation. This is related to Eq. (2) which shows that the
pressure drop is proportional to the flow rate of the fluid. The negative value of the piston speed is
the value for extended or rebound piston position and the positive value is the value for compressed
piston position. According to the result, the compressed pressure drop value is greater than the
extended pressure drop. It is occurred because of the differences between the area compressed and
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extended position. The piston rod makes the area of extended position is smaller than the
compressed position.

The results of the pressure drop for the compressed position in variated piston speed reach 0.08
MPa with 0.1 m/s piston speed and 0.16 MPa with 0.2 m/s piston speed. The pressure drop results
for the extended position with the same variation piston speed reach 0.06 MPa with 0.1 m/sand 0.13
MPa with 0.2 m/s piston speed.

0.2
0.15
01

0.05

-0.3 -0.2 -0.1 0.1 0.2 03
-0.05

Pressure drop (MPa)

-0.1

-0.15

-0.2
Piston speed (m/s)

Fig. 5. Off-state pressure drop result

Meanwhile, the on-state pressure drop condition can be calculated with Eq. (3). Figure 6 shows
the result of the on-state pressure drop prediction in 0.1, 0.2, 0.3 and 0.5 Amperes DC current input.
The result of the peak on-state pressure drop reaches in 0.53 MPa with 0.5 A current input.

Pressure drop (MPa)
(=]
w

0 0.1 0.2 03 0.4 0.5 0.6
Current input (A)

Fig. 6. On-state pressure drop result

The generated off-state and on-state pressure drop are used to predict the performance of
the MR valve by total pressure drop. As in Eq. (5), the total pressure drop can be calculated. Figure 7
shows the total pressure drop values on each position with 0.1 and 0.2 m/s piston speed and the
variation of the current input. The results show that the variations of current input and piston speed
affect the pressure drop value. According to the results, increasing a piston speed results in increased
pressure drop. This is caused by the pressure drop equation in viscous condition (off-state) directly
proportional to the flow rate of the fluid, where the flow rate is obtained from the following equation.
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Q = Vp X Ap (8)
where, V, is the piston speed (m/s) and A is the area of the piston (m?).

From the off-state condition that can be called with the passive system, the increasing pressure
drop to the effect of current input variations is very significant. The peak off-state pressure drop only
reaches 0.16 MPa with 0.2 m/s in the compressed position and 0.13 MPa with 0.2 m/s in the extended
position. Meanwhile, the peak of total pressure drop value that is affected by 0.5 A current input
reaches 0.69 MPa with the same piston speed for the compressed position and 0.67 MPa for the
extended position. The result of 0.1 m/s piston speed variation shows that in the compressed
position, the total pressure drop generates 0.61 MPa with 0.5 A. The extended position with the same
piston speed and current input generates 0.60 MPa.

Total pressure drop (MPa)
(=]

08 ) ,
Current input (A)
0.1 m/s comp. step ——0.1 m/s ext. step
——0.2 m/s comp. step 0.2 mfs ext. step

Fig. 7. Total pressure drop vs. current input
3.2 Damping Force Prediction

Since the total pressure drop value is calculated, the damping force can be predicted with Eqg. (6).
The damping force value results are used to predict the performance of the MR damper. Figure 8
shows the result of the damping force prediction versus piston speed with the variations of
electromagnet current input. As in Figure 8, the damping force on each current input variations and
off-state condition shows that its performance increases to the increase in piston speed value. ltis in
accordance with Eq. (6) that the damping force value is directly proportional to the increase in the
value of the pressure drop which relates to the piston speed as mentioned in Eq. (2), Eq. (4) and Eq.
(8). The piston speed is directly proportional to the flow rate and the flow rate is directly proportional
to the viscous pressure drop [22]. Thus, the damping force will increase in the increase of the piston
speed [25].
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Fig. 8. Damping force prediction result

The results of the damping force prediction are shown in Table 3. The peak value of the damping
force in a compressed position with 0.1 m/s is 367.2 N and 415.0 N for 0.2 m/s piston speed. The
peak value of the damping force in extended or rebound position with 0.1 m/s is 359.5 N and 399.7
N for 0.2 m/s piston speed. The negative values in Table 3 mean that the piston valve is in an extended
or rebound position. An extended position generates smaller results than compressed position. It is
caused by the piston rod, so the area of the piston valve must be subtracted with the area of the
piston rod. Table 3 shows the damping force result with the variations of electromagnet current
inputs and piston speeds for compressed and extended position.

Table 3

The results of the pressure drop prediction

Fa(N) 1 (A)

0 0.1 0.2 0.3 0.5

V (m/s) 0.1 56.9 73.6 99.7 161.4 367.2
0.2 113.9 130.6 131.6 209.3 415.0
-0.1 -40.2 -54.2 -76.1 -153.7 -359.5
-0.2 -80.4 -94.4 -116.3 -193.9 -399.7

4. Conclusions

The study of the magnetorheological damper for Unmanned Aerial Vehicle (UAV) using simulation
and analytical method has been presented. The design of this MR damper is used for the landing
process in heavy lifting UAV. The result of the simulation and analytical study show that MR fluid can
change its properties based on performance prediction. Then, the performance of MR damper can
be predicted by calculating the pressure drop of the MR valve on the off-state and on-state condition.
The prediction values for off-state, on-state and total pressure drop increase to the increase in piston
speed and electromagnet current input variations. The prediction value for total pressure drop with
0.5 A current input increases to 0.69 MPa from 0.16 MPa in off-state condition. The results of the
damping force increase directly proportional to the total pressure drop in each piston speed
variations. The peak damping force value is reached in 0.5 A electromagnet current input with 0.2
m/s on compressed position.
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