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A new concept for UAV landing
gear shock vibration control using
pre-straining spring momentum
exchange impact damper

Lovely Son, Mulyadi Bur and Meifal Rusli

Abstract

This study proposes a new method for reducing the shock vibration response of an Unmanned Aerial Vehicle (UAV)
during the landing process by means of the momentum exchange principle (MEID). The performance of the impact
damper is improved by adding a pre-straining spring to the damper system. This research discusses the theoretical
application of the damper to the UAV landing gear system. The UAV dynamics is first modeled as a simple lumped mass
translational vibration system. Then we analyze a more complex two-dimensional model of UAV dynamics. This model
consists of the main wheel, nose wheel and main body. Three cases of UAV landing gear mechanisms: without damper,
with passive MEID (PMEID) and with pre-straining spring MEID (PSMEID) are simulated. The damper performance is
evaluated from the maximum acceleration and force transmission to the main body. The energy balance calculation
is conducted to investigate the performance of PSMEID. The simulation results show that the proposed PSMEID method is
the most effective method for reducing the maximum acceleration and force transmission of UAV during impact landing.
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I. Introduction

An Unmanned Aerial Vehicle (UAV) is an aircraft with-
out any human crew. This vehicle is controlled remotely
from a stationary or mobile command center. UAVs are
controlled by radio frequency (directly from the ground
or via satellites for wider ranges of operation) or auton-
omously (by on-board computers). Autonomous con-
trol of the UAV is based on pre-programmed flight
plans using complex automation systems. All UAVs
are equipped with the same features as normal aircrafts.
The steering system, landing gear and shape of the
vessel itself are similar to normal aircraft (Skorupka
et al., 2010).

One important component in the UAV system is
the landing gear. The basic function of the landing
gear on a UAV is to maneuver it during its ground
operations, which includes taxiing, takeoff and landing.
The landing process is the most critical phase in the
UAV ground operation because it involves a massive
amount of impact energy transfer and the system has to
be stable enough to operate under these conditions.

Dynamic loads on the UAV due to landing impact
are recognized as the significant factor causing fatigue
damage and dynamic stressing on the UAV structure.
In addition, the shock-induced vibrations can lead to
damage in the electrical components and contribute
to the reduction of the autopilot capability to control
the UAV position after landing maneuver. Several
mechanisms have been proposed for dissipating the
large amount of energy generation during touchdown
landing impact.

The energy dissipation during the landing process
can be achieved in different ways. One way is through
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the use of Oleo-pneumatic shock absorbers, which are
usually used by large commercial aircraft because they
have a large capability to absorb the energy by pushing
a volume of hydraulic fluid against volume of gas
(Zdravko and Hinko, 2004). For lighter airplanes, the
most common way for reducing the impact energy is by
using beam springs or steel disc springs landing gear
with flexible elements (Skorupka et al., 2010).

The UAV landing gear is constructed the same way as
the landing gear for a commercial aircraft. For this type of
aircraft, the impact loads’ absorption during the landing
process should be more effective because some precision
sensors are installed on the UAV’s electronic board.
In small UAVs, the fixed spring landing gear is most
often used (Khebbache, 2012 and Kumar, 2012). Some
of the larger UAVs use the active landing gear system,
which uses electric, pneumatic or hydraulic actuators.
The larger sized UAVs have adequate thrust power and
enough space to use a hydraulic system for a landing gear.
However, for smaller sized UAVs, fitting hydraulics intro-
duces a new problem related to the available space
and mass. In addition, the active control for the landing
gear needs enough electric power for the sensors, actuator
and controller.

Recently, an electric control system using small
control components for the landing gear has been
developed. However, the main problem of using the
electric control system is that they are sometimes not
compatible with the mechanics. In landing gear control
systems, mostly linear movements are needed. Of
course there is a variety of electrical linear motors but
they are expensive and not a light enough weight.
This problem can be solved by using gear transmissions
but this method also has its limitations by lowering
power and torque. While the special linear actuator
can be built, there are two main problems: price and
availability. The price of a custom-made linear actuator
can be much higher than the UAYV itself.

A method has been developed by using the momen-
tum exchange principle to reduce the acceleration peak
of impact vibration problems. The Momentum
Exchange Impact Damper (MEIDs) method was
first used to solve the problem of floor impact
vibration (Son et al., 2007). An application of MEID
to the spacecraft landing process has been proposed
(Iio et al., 2010). This technique can reduce the max-
imum acceleration of the craft at the time of landing.

The MEID reduces the shock vibration of an object
by exchanging the momentum of the object with the
damper. The MEID mechanism can be explained
simply by using the three ball systems as shown in
Figure 1. Before collision, the second ball had contact
with the third ball. At the instant after the collision take
place (as shown in Figure 1), the momentum and the
kinetic energy of the first ball was transferred to the
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Figure 1. Three balls system.

second and third balls. The momentum and energy
exchanges continue while the masses remain in contact
with each other. The momentum exchange mechanism,
as explained using the three balls system, has been uti-
lized for designing the passive momentum exchange
impact damper (PMEID). In the PMEID application,
the first ball which applies a shock load to the second
ball represents the shock excitation force. The second
ball acts as the main body that receives the shock load.
The third ball represents the impact damper system that
reduces the kinetic energy of the main body by means
of momentum exchange mechanism.

The Active Momentum Exchange Impact Damper
(AMEID) has been proposed to improve the damper
performance by increasing the amount of momentum
exchange between the main body and the damper
(Son et al., 2008, 2010). The AMEID has been applied
to the spacecraft landing system for reducing the max-
imum rebound of the spacecraft after landing (Hara
et al., 2011). Even though the impact energy of the
spacecraft decreases significantly by using AMEID,
but it has some limitations such as its needs several
sensors and a large actuator to resist large impact loads.

A simple method for increasing the MEID capability
using the pre-straining spring mechanism (PSMEID)
has been proposed (Son et al., 2015). This study pro-
poses using PSMEID as the landing mechanism of the
UAV. Thus, the main aim of this research is to verify
the effectiveness of the PSMEID method in reducing
the shock vibration response occurred during the
UAYV landing process.

2. Dynamics of UAV landing gear

The landing process of a UAV can be explained simply
by using Figure 2 (Sanoopkumar, 2003). When a UAV
descends on the runway, power is reduced further and
the rate of descent and airspeed are slowed down. The
aircraft is kept aligned with the center of the runway
mainly by use of the rudder. The objective of the land-
ing mechanism is to keep the aircraft safely flying just a
few inches above the runway’s surface until it loses
flying speed (Nelson, 1998). In this condition, the
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Figure 2. Aircraft landing process (Sanoopkumar, 2003).
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Figure 3. Simple model of UAV landing gear system with
PSMEID.

aircraft’s main wheels will strike the runway with a
gentle bump. With the wheels of the main landing
gear firmly on the runway, the pilot applies increasing
back pressure on the control wheel. This holds the air-
craft in a nose-high attitude which keeps the nose wheel
from touching the runway until forward speed is much
slower. The purpose of the landing gear mechanism is
to avoid overstressing the UAV body and damaging the
electrical components inside the UAV when the wheel
touches down on the runway. To compare the effect-
iveness of the PSMEID method, the authors discuss
two types of UAV landing models: the simple lumped
mass translational model and the complex two-
dimensional rotational-translational model.

2.1. Simple lumped mass translational model

The simple lumped mass model of the UAV’s landing
gear system with PSMEID is shown in Figure 3.
The UAV dynamics is described by a main mass M,
which is supported by a landing gear system. The inter-
action between the main mass and the wheel system is
modeled using a main spring k, and dashpot ¢,. The
wheel system consists of a wheel mass M, wheel spring
k,, and dashpot ¢,,. The PSMEID damper is positioned
as described in Figure 3. The damper consists of a
damper mass M, connected to the main mass using
a damper spring k; and dashpot ¢; The damper
mass M, interacts with the contact mass M, through
a pre-straining spring k,,. The contact mass contacts

the main mass via a contact spring k. and contact
damping c.. The contact stiffness k., is used as the pas-
sive contact spring of the MEID.

It is assumed that x,, > x, > x;> Xx,. Then, by using
Newton’s Second Law of Motion, the equations of
motion of the dynamical system in Figure 3 can be
expressed by:

Myx, + Mpg — fow = fpa+Jfe =0 (1)
MaXa+ Mag — fps + fi + fpa =0 2)
Mo+ Mg+ fps—fi —fe=0 3)

M X+ Mg+ fow + 11 =0 4)

/. 1s the impulsive force generated when the wheel has
contact with the ground. It is assumed that the UAV
system drops with zero initial velocity. Therefore,
the level of impulsive force is determined by the initial
elevation drop of the UAV. During the contact period,
the impulsive contact force is transmitted from the
ground surface to the UAV wheel. The contact condi-
tion between the ground and the wheel is modelled by
a contact spring and dashpot elements as shown
in Figure 3. Therefore, the impulsive force can be cal-
culated as follows:

fw =

{ kyx, + Xy, if x,, <0 (5)

0, if x,, >0

The contact condition between M, and M, is mod-
eled using a contact spring k. and contact damping c..
The contact force is derived from the stretch motion of
the contact spring and the contact damping elements.
This contact force is given by:

{kc(xp — X¢ —xo) +CC(X"1) —)'c(,), ifxp —Xe— X0 = 0
Je= ,
0, ifx, —x,—x0 <0

(6)

The initial gap xo in equation (6) is introduced to
obtain the optimum condition for transferring momen-
tum from M, to M,

A pre-straining spring is added between M. and M,
to increase the momentum exchange from the main
mass to the damper mass. The pre-straining force
value is controlled by adjusting the initial deflection
of the pre-straining spring as shown in Figure 3. The
pre-straining force f,, acting between M, and M, can
be written as:

fps = kps(xps + X — xd) (7)
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Jpw 1s the interaction force through the spring k, and
dashpot ¢,. This force is calculated from the relative
motion between mass M, and M,

Jow = k(30 = ) + ¢ (X = %) ®)

The interaction force between M, and M, can be
expressed by:

ka(xqa = xp) + ca(Xa — %), if (xa — xp) =0
ka(xa = xp) + ca(Xq — %)

+ kea(xa — xp),

Jpa =
if (xg — x,) <0

)

It should be noted that the damping coefficient of
MEID has a different value for forward and backward
motion. The damping coefficient is zero for the forward
motion and ¢, for the backward motion. This relation-
ship is described mathematically by:

if (g — %,) = 0
if (%4 — %,) <0

A counteracting force f; is introduced between
M, and M, to balance the pre-straining force.
After the main mass collides with the contact spring,
the counteracting force becomes zero. This relation can
be expressed as:

/= {kpsxps, if |f.| =0and f,, <0
I 0, otherwise

(10)

2.2. Two dimensional lumped mass
translational-rotational model

During the landing process, there are two stages for the
landing mechanism:

1. The stage which starts when the main wheel initially
touches the runway, which continues until the nose
wheel touches the runway.

2. The stage which starts when the nose wheel touches
the runway and continues until the aircraft comes to
a standstill.

In the first stage, when the main wheel initially con-
tacts the runway while the nose wheel is still airborne,
the damping mechanism impact is activated by the
damping component in the main wheel suspension
system. In this research, a PSMEID-type absorber is
utilized to reduce the shock load received by the UAV
body due to a large impact force generated when the
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Figure 4. Dynamic model of the UAV landing gear system with
PSMEID.

main wheel touches the runway. The evaluation is con-
ducted by comparing the maximum acceleration
response of the UAV at the instant after the main
wheel contacts the ground.

A two-dimensional model of the UAV landing
mechanism with PSMEID is shown in Figure 4. To
derive the equations of motion of the system, forces
working on the system are analyzed in detail. The
forces are identified as follows:

1. The left and right wheel contact forces f,,; and f,,,
When the wheels contact the ground, the contact

forces are transmitted from the wheels spring and dash-
pot to the wheel’s mass. These forces are given by:

f _ kwlxwl + Cwlxwla ifxwl <0 (1 1)
Jwl — O, if Xyl = 0

- kwrxwr + Cor X if x,, <0
fwr - { 0’ ifxwr > O (12)

2. The interaction forces between the main mass and
the left and right wheel mass f,,,; and f,,,,

The main mass M, connects with the wheel mass M,,,
and M, via the spring and the dashpot. The inter-
action forces between them are given by:

. . . d, .
Sowt = k[,,(xw, — Xp + [;sin 9) + cp;(xw; — X, + I/E(sm 0))

(13)

d
.f}m"r = kpr (xwr —Xp — lr sin 9) + Cpr <xwr - xp - lr E (Sin 9))

(14)
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3. The interaction forces between the main mass and
the left and right damper mass £, and f,4

The main mass interacts with the damper mass through
the damper spring (k; and k) and the contact spring
(k. and k.4). The interaction forces can be expressed
as follows:

. Jpais if (xd, — X, + [;sin 9) >0
Spar = . , (15)
foan + fpans  if (xa — x, + [8in ) < 0
ris if r — _lr. 920
f = e TGy = hsing) 20 0
Foart + foarzs  if (Xar — xp — [, sin6) <0

where f,qn and f,4 are the interaction forces through
the impact damper spring and dashpot as given by:

. . . d .
Soan = ka(xa — x, + [;sin6) + Cdl(xdz — X, + IIE(SIH 9))
(17)
. . . d .
j}7drl = kdr(xdr —Xp — lr sin 9) + Car| Xar — Xp — ZI'E(SIH 9)

(18)

. . d . : . .
kC/(Xp —[;jsinf — x. — X()]) + CC[<X,, — [j—sinf — Xcl), if Xp — Lisinf — x; — x01 >0

The interaction forces through the contact spring are
calculated as follows:

Span = krdl(xdl — X, + /;sin 9) (1)

f;?dr2 = kcdr (xdr - Xp — /. sin 9) (22)

4. The pre-straining forces f,y and f,,

The pre-straining springs are introduced between the
damper mass and the contact mass. The pre-straining
forces acting on the main and nose landing gears are
given by:

Tost = kpsit(Xpst + X1 — Xa) (23)

fpsr = kpsr (xpsr + X — xdr) (24)

5. The interaction forces between the main mass and
the left and right contact mass f,.; and f,,.,

The contact forces between the main mass and the con-
tact masses can be written as:

Jpet = di (25)
0, ifx, —;sin@ — x, — xo; < 0
ker(xp + L SN0 — X0 — Xor) + Cor| Xp + a sin@ — X, ), ifx,+17sinfd — x, — xo >0
fl,L.,. = ’ r dt r - (26)

0,

The damping coefficients ¢, and ¢, in equations (17)
and (18) only work in a backwards motion. In the case
of forward motion, it has zero values. This relationship,
can be explained mathematically by:

d
0, ()'cd — X, + a(l/ sin@)) >0
(19)

Car = p
Cals <5Cd - X, + E(ll sin 9)> <0

and

0, (m—@—%mmwgzo
Car = (20)

d .
Cars (Xd — X, — %(l,. sin «9)) <0

if x, + [, sinf — x¢ — xo, < 0

6. The counteracting forces f;; and f;,

The counteracting forces f;; and f,. are applied between
the damper mass and the contact mass to counteract
forces from the pre-straining spring. The counteracting
forces work before the main mass collides with the con-
tact mass. After collision, the counteracting force
becomes zero. This relation can be expressed as:

f[ _ { kpslxm[, if l];,d| =0 andfpwl <0 (27)
7 0, otherwise
f~ _ { kpsrxpsra if |f1‘7c’r| =0 andfpwr <0 (28)
- 0, otherwise
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The equations of motion for the UAV Ilanding
system are derived from the Newton’s Second Law
using the balance of moments and forces acting on
the UAV system. For the UAV’s main mass, the equa-
tions are given by:

160 + Pon + (Fowt + o) €08 0 — (four + frar)r cOS 0
— fpetli €08 0 + frerl 086 — foanlar sin 6
— (fpwt + foan) L2 Sin 0 — fog1 Lg1 sin 6
- (fpwr +,f[)dr2)ld2 sin @ +fpcllcf2 sin @ +fpcrld2 sinf = 0
(29)

ijc.p + Mpg _fpwl _fpd[ _fpwr _fpdr +fpcl +fpcr =0
(30)

By applying the forces balance to the left and right
PSMEID mass, then the equations of motion of the
damper masses can be expressed by:

MyXa + Mag + foa + fu — fpss =0 (31)

Mdrjédr + Mdrg +.fpdr +ftr _fpxr =0 (32)

The equations of motion of the other components
are calculated according to the same procedure as was
used in equation (31) and (32). The balance of forces
acting on the left and right wheel mass can be expressed
as follows:

Mwljéwl + Mwlg +ﬁ7wl +fwl =0 (33)

MWF’{-WI‘ + MWI‘g +fpwr +.f;vr = O (34)
The equations of motion for the left and right con-
tact masses are given by:

Mﬁljécl + M(?lg +fps[ _ft/ _fpcl =0 (35)

Mcr).écr + Mcrg +_f1‘}Sl' _f‘tr _fpcr =0 (36)

The / and r indexes in equations (29)—(36) denote
the main and nose landing gear. Variable P,, in
equation (29) is the additional nose pitching moment
due to a lift force at the tail wing. At the instant after
the nose gear touches the ground, the value of P,
becomes zero. In the simulation, the nominal value of
P, is selected to be 0 N.m.

3. Simulation study and discussion

The nominal values of the simulation parameters are
given in Table 1. For the simple lumped mass model,

the initial conditions are given such that the UAV
drops with zero initial velocity from the initial elevation
h=0.05 m. For the two-dimensional model, the UAV
mass distributioan is selected such that the main gear is
caryying about 80% of the total payload and the nose
gear is supporting 20% of the total load (Sadrey, 2009).
The initial pitching angle for the two-dimensional
model is selected 15°.

3.1. Simple lumped mass translational model

To evaluate the PSMEID performance applied to the
simple lumped mass translational model of the UAV’s
landing gear system, a comparison study was con-
ducted. For this purpose, two cases of landing gear
with passive type MEID (PMEID) and without
MEID as shown in Figure 5 were evaluated. The nom-
inal UAV parameters (as depicted in Table 1) were used
in the simulations.

Figure 6 shows the UAV main mass acceleration and
wheel displacement for the case without the damper.
The UAV initially drops with zero initial velocity.
During the dropping period, the main mass acceler-
ation is the same as the gravitational acceleration.
The negative value of the acceleration indicates that
the motion is downward. At the instant after the
wheel touches the ground, the main mass acceleration
increases and reaches its maximum value at r=0.15
second. During t=0.24-0.33 second, the main mass is
rebounded and its acceleration is equal to the gravita-
tional acceleration as shown in Figure 6. In this period,
the contact force between the wheel and the ground is
zero. The wheel has contact with the ground for the
second time at r=0.33 second. After this time, the
main mass motion becomes the damped vibration
response. It can be observed from Figure 6 that the
main mass displacement is stable after 1 second.
Figure 6 shows that the value of the static displacement
of the main mass is close to 0.01 m.

The contact force response between the wheel and
the ground is depicted in Figure 7. It can be shown
from Figure 7 that the contact force is zero during
the rebound period (0.24-0.33 second).

The damper mass (M,) used for PMEID is 0.5 kg.
This value is equal to 4% of the UAV’s total mass.
In the comparison study, the optimal contact condition
for PMEID was selected to achieve acceptable simula-
tion results. Some simulations using several contact
stiffness (k.;) were conducted to obtain the optimum
value of the contact stiffness. Figure 8 shows the max-
imum acceleration of the UAV’s main mass versus the
PMEID’s contact stiffness. As shown in Figure 8§,
the maximum acceleration is not greatly affected by
the variation of the PMEID’s contact stiffness. The
minimum values of the main mass acceleration peak
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Table |. Nominal simulation parameters.

No Parameters Value Unit

| Main mass of UAVY, MP 11.8 kg

2 Rotational inertia of UAV, I¢ 1.966 kg.m2
3 Wheel mass of the main landing gear, M, 0.021 kg

4 Wheel mass of the nose landing gear, M,,, 0.031 kg

5 Wheel mass, M,, 0.021 kg

6 Damper mass of the main landing gear, My 0.5 kg

7 Damper mass of the nose landing gear, My, 0.125 kg

8 Damper mass, My 0.5 kg

9 Contact mass of the main landing gear, M 0.001 kg

10 Contact mass of the nose landing gear, M, 0.001 kg

I Contact mass, M, 0.001 kg

I lg1 (see Figure 4) 0.083 m

12 ls» (see Figure 4) 0.165 m

13 Horisontal distance from CG to main landing gear, |, 0.061 m

14 Horisontal distance from CG to nose landing gear, I, 0.244 m

15 Left wheel contact stiffness, k,, I x 10* N/m
16 Right wheel contact stiffness, k,, | x 10* N/m
17 Wheel contact stiffness, k,, I x 10 N/m
18 Suspension stiffness of main landing gear, ky, 2% 10° N/m
19 Suspension stiffness of nose landing gear, kp, 2x 10° N/m
20 Landing gear suspension stiffness, k, 2% 10° N/m
21 PMEID contact stiffness of main landing gear, k.4 I x 10* N/m
22 PMEID contact stiffness of nose landing gear, k., I x 10* N/m
23 PMEID contact stiffness, kg I x 10* N/m
24 Main landing gear impact damper stiffness, kq 0 N/m
25 Nose landing gear impact damper stiffness, kg, 0 N/m
26 Landing gear impact damper stiffness, kg 0 N/m
24 PSMEID contact stiffness of main landing gear, ky I x 10° N/m
25 PSMEID contact stiffness of nose landing gear, k., I x 10° N/m
26 Main landing gear suspension damping factor, ¢ I x 10? N.s/m
27 Nose landing gear suspension damping factor, ¢, I x 107 N.s/m
28 Landing gear suspension damping factor, ¢, I x 10? N.s/m
29 Main landing gear impact damper damping coefficient, cg I x 10° N.s/m
30 Nose landing gear impact damper damping coefficient, c,, I x 10° N.s/m
31 Landing gear impact damper damping coefficient, ¢4 I x 10° N.s/m
32 PSMEID contact damping of main landing gear, ¢ 20 N.s/m
33 PSMEID contact damping of nose landing gear, c,, 20 N.s/m
34 PSMEID contact damping, ¢, 20 N.s/m
35 PMEID contact damping, .4 0 N.s/m
36 Main landing gear pre-straining displacement, X, 0.24 m

37 Nose landing gear pre-straining displacement, X 0.08

38 Landing gear pre-straining displacement, X 0.24 m

39 Initial gap of main landing gear, xq 44x107* m

40 Initial gap of nose landing gear, xo, 44x107* m

41 Initial gap, xo 48x107* m

42 Initial drop elevation, h 0.05 m
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Figure 5. Simple model of UAV landing mechanism with and without PMEID.
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Figure 6. Main mass acceleration and wheel displacement.

can be obtained using k.; < 1.5 x 10*N/m as shown in
Figure 8. Alternatively, the optimal contact stiffness
can also be calculated by: (Son et al., 2010).

9(9 — B2
b = M (s ) O
where
Wy Md kw
Y Ty L S— 1
b=y F=u, e~ i v, O

In the case of a large frequency ratio (w,/w, >>) as
used in this simulation model, the optimum contact
stiffness can be expressed by:

Kedtopry = M e (39)
where w, and w,are the system’s natural frequency and
the excitation frequency, respectively. Calculation of

100

0 0.2 0.4 0.6 0.8 1
Time [sec]

Figure 7. Wheel contact force.
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Figure 8. k.4 vs maximum acceleration.

the contact stiffness in equation (39) using the simula-
tion parameters in Table 1 resulting in the optimal con-
tact stiffness k.= 3.65x 10° N/m. This result agrees
with the optimal condition of the contact stiffness
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Figure 10. Transmitted force to the main body and its enlargement.

key<1.5%10*N/m as shown in Figure 8. Meanwhile,
the optimum amount of momentum transferred using
the PMEID can be achieved using the small value of
contact damping. Based on these results, the contact
stiffness and the contact damping values that were
used in the simulations for next section are: k. ;=1 x
10*N/m and ¢,4=0.

Figure 9 shows the simulation results of the UAV’s
main mass displacement and acceleration for three
cases: without damper, with PMEID and with
PSMEID. The simulation uses the nominal parameters
shown in Table 1. The PSMEID mass is the same weight
as that used in the PMEID. The right side of Figure 9 is
an enlargement of the graph from 0 to 0.4 second.

A comparison of the transmitted force response
acting on the main mass obtained using the three
cases is shown in Figure 10. As seen in Figure 10,
the maximum value of transmitted force is reduced by
using PMEID and PSMEID. The percentage of the

transmitted force response reduction obtained using
PMEID and PSMEID are 1% and 6%, respectively.

3.2. Energy balance analysis

In order to increase confidence in the analysis result,
the energy balance computations was conducted. The
energy balance was analyzed through the use of the
following five definitions of non-dimensional energy
categories (Hurmuzlu, 1998).

1. The percentile energy of the main system, E,,:

o KEMp + KEMw + PEkp + PEkw

E,, (40)

where KEy,, KE), are kinetic energy of the main
mass and wheel mass while PEj, and PEj, are
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elastic energy stored in the main spring k, and the
wheel spring k,,. The initial gravitational energy of
the system PEg is calculated by:

PEL= (M, + My Mot Mg (@)

The kinetic and potential energies in equation (40)
are calculated as follows:

1 .
KEup =5 Myx, (42)
1 5
KEMw = EMWXW (43)
1 2
PE/cp - Ek[) (xw - xp) (44)
1 2
PEkw - _ka(xwlxwl - Xw) (45)
2. The percentile energy of the impact damper, E;
KE KEy. + PEjg+ PEj)s
E = md + KEye + PEgg + PEgpy (46)

2

KEj;, and KE,,. in equation (46) are kinetic energy
of M and M while PE;;and PEj,are elastic energy
of spring k,and k. The kinetic and potential energy
components in equation (46) are defined as:

1 .

KEy, = 3 M 47)

1 5
KEy,. = 5 M. x; (48)

1 2
PEy = Ekd(xd —Xxp) (49)
1 2
PEkpx = Ekps(xc — X4+ xpx) (50)
3. The percentile energy of the contact spring, E,:
PEyca + PEy.
E=——Fm— 51

P50 (51)

The potential energy of the contact spring PE..; and
PE. are calculated by:

1
PEj g = — Zk(,d((xd — xp) |xd - xp| — (xd — xp)2> (52)

1
PE;. = ch((x,, — x¢ = x0)|xp = xe — x| + (xp — xc — x0)2>

(53)
4. The percentile of gravitation energy, E,:
5= s (54)
where
PE, = M,gx, + Mugxq+ M_.gx. + M,gx, (55)

5. The percentile of dissipation energy, E:

(KEMp + KEMw + PEkp + PEkw

PEQ+PE), — +KEyq+KEyc+ PEg+PEj,
E +PEk(?zl+PEkc+PEg)
ds =
PEY+PE],
or
{ (KEMp +KEMW +PEkp +PEkw +KEMd }
E 1 +KEM6+PEkd+PEkps+PEkcd+PEkc+PEg)
ds=1—
PE)+PE]
(56)
where
1 2
PE) = —k.x (57)

kps — 2 PS7ps

The exchanges between energy components of the
UAV with PSMEID are shown in Figure 11.
The UAYV initially drops from the starting elevation
h. The initial energy of the system consists of the

o
W

(=)

Normalised Energy

-0.5

0 0.1 0.2 0.3 04 0.5
Time [sec]

Figure 11. Energy transfer using PSMEID.
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gravitational energy PEg and the elastic energy
stored by the pre-straining spring PEQPX. We can
observe from Figure 11 that the total non-dimen-
sional energy FE, + E,+ E.+ E,+ E4 is constant.
From 7r=0 until 0.1 second, the UAV is in free
flight and the exchange from the gravitational
energy to the UAV kinetic energy occurs. At
t=0.1, the wheel comes into contact with the
ground surface as shown in Figure 11. During the
initial contact with the surface, part of the energy is
converted into dissipation energy E; and part of the
energy is transferred to the damper mass using the
momentum exchange mechanism. It can be shown
from Figure 11 that the percentage of energy trans-
ferred to the damper during the contact duration is
twice that of was dispersed into heat loss. This result
indicates that the impact damper is effective for
reducing the shock vibration energy of the main
mass. The negative value of the gravitational

energy during the contact duration (0.1 <¢<0.23)
due to the position of the mass is located below
the reference level.

3.3. Two-dimensional lumped mass
translational-rotational model

To compare the effectiveness of the PSMEID method,
the simulation results of the two-dimensional lumped
mass model with and without PMEID were analyzed
(depicted in Figure 12). It should be noted that the case
without damper refers to the landing gear system with
passive spring and dashpot elements. The weight of the
damper masses used in the PMEID are the same as
those used in the PSMEID mechanism.

Figure 13 shows the time histories of the UAV dis-
placement and acceleration that were obtained from
the simulation using the nominal parameters given in
Table 1. The aircraft falls with zero initial velocity from

Figure 12. UAV dynamic model with and without PMEID.
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: 7 S
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Figure 13. Displacement and acceleration of the UAV.
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the elevation of 0.05m (as shown in Figure 13). The
first impact between the main gear and the ground
occurs at ¢=0.083 second. Between =0 and
t=0.083 second, the acceleration of the UAV is equal
to the gravitational acceleration as shown in Figure 13.
The negative value of the acceleration indicates that
direction of the gravitational acceleration is downward.
After the UAV had contact with the ground, the accel-
eration increased drastically and reached the maximum
value at 1=0.14 second. The maximum acceleration
peak obtained using the PSMEID damper is smaller
than that obtained from other mechanisms (shown in
Figure 13). It can be seen from Figure 13 that the
reduction of the acceleration peak using the PMEID
and the PSMEID are 2.5% and 13.5%, respectively.

Figure 14 shows the time histories of the rotational
displacement (pitching angle) and the pitching acceler-
ation of the UAV. Based on the results depicted in
Figure 14, it can be observed that the nose landing
gear began to touchdown on the runway at t=0.6
second without the damper. Using the PMEID and
the PSMEID, the contact time of the nose landing
gear started before 1 =0.6 second.

The result from Figure 14 shows that the pitching
acceleration of the UAV was not greatly affected by the
damper (PSMEID or PMEID). This may be due to
80% of the aircraft weight is supported by the main
gear. As a consequence of the damper being located
at the nose landing gear, the damper’s performance
decreases due to the additional rotational inertia load
on the nose landing gear. Based on these results, in the
next section, the PSMEID is only applied to the main
landing gear system. Meanwhile, the nose landing gear
is kept with passive damping using spring and dashpot
element as shown in Figure 15.

=z 05
£
o 0 TTEssssseg
- 2 e
:D Or  [—= without damper | esmememmT
= A with PMEID
@ — with PSMEID
&= 05 L L L L
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Time[sec]

o 20 :
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N with PMEID

5 — with PSMEID

Q

<

o0

g

=

2

£ -10 L L L L

0 0.2 0.4 0.6 0.8 1
Time[sec]

A comparison of the main mass maximum acceler-
ation versus the initial deflection of the pre-straining
spring at the main gear (x,y) is given in Figure 16.
As can be seen in Figure 16, increasing of the damper
mass will reduce the maximum acceleration of the
UAV. Furthermore, for low damper mass ratio
(my/m=0.01), the larger attenuation of the UAV
peak acceleration can be achieved by using a large
deflection of the pre-straining spring. If the damper
mass ratio increases, the optimum pre-straining spring
deflection decreases as shown in Figure 16.

To investigate the mechanism of the PSMEID,
the main mass acceleration time histories of two sub-
optimal conditions in Figure 16 are plotted in
Figure 17. The sub-optimal points A and B are relating
to the optimal conditions obtained using mg/m =0.02
and 0.06, respectively. The related optimum gap for the
sub-optimal conditions A and B are 3.0 x 10~* and
5.0 x 107* m, respectively. As shown in Figure 17, the
acceleration responses are almost the same for both
sub-optimal condition A and B. However, a slightly

Figure 15. Dynamic model of a UAV with PSMEID as the main
landing gear system.
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m,/m=0.05

Max. Acceleralion(m/sz)
3
W

0.2 0.4 0.6 0.8 1 1.2
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Figure 14. Pitching angle and pitching acceleration of UAV.

Figure 16. Maximum acceleration vs xps.



Son et al.

— 0.05 "
E ' M,/M, =0.02
% > ——M,/M, =006
£ of  \ /N L= ~ |
2
&
a ‘ ‘ ‘ ‘
0'050 0.2 0.4 0.6 0.8 1
Time[sec]
&
E
=
.2 NP
Z - e
=2 M /M =0.02
Q P
3 M,/M, =0.06
< 2% 0.2 0.4 0.6 0.8 1
Time[sec]

1467
% ooat N0 [ M /M, =002]]
= ——M,/M, =006
g
g 0.02 1
Z
A 0 —
0 0.1 0.2 0.4
Time[sec]
&
g 15 A /SN [ M,/M, =0.02 ]
—_— P
.§ ——M,/M, =006
2 10 g
Q 7
5 . .
< 0 0.1 0.2 0.3 0.4
Time[sec]

Figure 17. Displacement and acceleration for sub-optimal condition.

different result is obtained at r=0.6 second. At that
time, the acceleration peak obtained using a larger
mass ratio is much smaller than that obtained using
the smaller mass ratio. The reason for this condition
is that for the larger mass ratio, the location of the
UAV’s center of gravity is moving slightly to the
main landing gear position. Therefore, the impact
force generated when the nose gear touches the
ground, which occurs at r=0.6 second is smaller in
comparison to the case obtained with a smaller mass
ratio.

4. Conclusion

This study introduces a new method to attenuate
the shock response of the UAV landing process based
on the momentum exchange principle (MEID).
The damper performance is evaluated from the reduc-
tion of the UAV maximum shock acceleration and
the force transmission during the landing impact. The
PSMEID method, using a pre-straining spring mechan-
ism, is used to increase the momentum exchange
between the main mass and the damper mass.
Application of the PSMEID for two cases of the
UAV model were then analyzed. The main results
obtained for the two cases of the UAV model with
the PSMEID can be summarized as follows:

1. The simulation results using a simple lumped mass
model show that the maximum acceleration and
force transmission to the main mass can be reduced
using a PSMEID damper. Furthermore, the energy
balance analysis shows that the PSMEID damper
can attenuate the shock-induced vibration of the
main system by transferring part of its energy to
the damper. The simulation results indicate that
the energy transferred to the damper mass is

almost twice that which it loses into heat energy on
the damping components.

2. In the case of the two-dimensional model of the
UAYV, the maximum acceleration of the UAV’s
main mass can be reduced by increasing the mass
ratio between the damper mass and the UAV’s
main mass. In the case of small mass ratio, the opti-
mum condition for transferring the momentum can
be obtained by using a large pre-straining spring
deflection. These results indicate that the PSMEID
can be considered as an alternative method for redu-
cing the shock vibration response of the UAV land-
ing gear system.
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