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Abstract. In the overall study of the design and performance of the lunar Lander, analysis of
touchdown dynamics of the landing stage is an important part. In this paper, the influence of the
lunar Lander’s body deformation on the landing performance is studied. First, the equations with
the flexible part are derived from the subsystem method and deducing a multi-mass model by
comparing and analyzing the mode of the body in Lander. Second, based on the existing aluminum
honeycomb buffering and the model used in the landing-impact tests for the soft-landing system,
a finite element model for the cantilever-type landing gear with four legs is established in
MSC.Patran and submitted to MSC.Dytran to conduct a simulation analysis. Finally, the flexibility
of lander’s body to the performance in landing is studied. Results show that the deformation of
the body has considerable effect on the overloading of the lunar Lander system though the
deforming can absorb litter energy during landing.
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1. Introduction

Soft-landing system is an important technology for planets exploration. During the first critical
seconds of touchdown, the landing gear system must absorb the kinetic and potential energies of
the vehicle without causing the lunar Lander to topple and must attenuate the landing loads to
prevent damage to the spacecraft during the landing impact and to bring it to rest in an upright
attitude so that no part of its mission such as deployment of instrument or re-launch will be
inhibited. At present, the research in this area of lunar lander mainly focuses on the lander concept
[1-3], cushioning property [4-5], dynamic analysis [6-10] and stability analysis [11-15]. For the
design of soft-landing system in lander, the two-mass simplified model is very common used in
preliminary work and verification for landing performance of the soft landing buffering system.
Based on the system model, this paper presented the numerical simulations of soft-landing and
conducted a simulation of the landing impact response based on the finite element model of
nonlinearity. Then the research on the flexible deformation of the lander’s body to the landing
performance is conducted [16-17].

2. The simplification of the lander body taking deformation into account
2.1. Model of the soft landing system

In order to meet the functional requirement of soft- landing gear system, and make the buffer
work stably and reliably, the four-leg suspension landing buffer with aluminum honeycomb
absorbing energy would the best model according to the features of different soft-landing gear
system and the requirement of the lunar exploration program of China Change’s Project.

As Fig. 1 shows, every landing leg consists of three parts. They are four groups of main buffer
leg (primary strut), auxiliary buffer struts (secondary strut) and footpad. It is the universal joint
who makes the primary strut and secondary strut connect to the body of the landing gear system.
The secondary strut and the primary strut are connected by ball joint, and it is the same to the
primary strut and footpad. The deployable and lockable mechanism is settled at the inner of one
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of secondary strut of every group, which should be called multi-functional secondary strut.
Another secondary strut is made up by tensile buffer aluminum honeycomb, compression buffer
aluminum honeycomb band piston rod, and the inner structure of the strut is similar with
multi-functional secondary strut. Without deployment and locking mechanism, it is just used for
buffering, so it is called single functional secondary strut [18].

Lander Body Lunar Rover

Payload
Universal joint

Single-function .
secondary strut A Ball joint
7/
Primary strut .
The deployable and

Pad lockable mechanism

Multi-function
secondary strut

Fig. 1. Schema of soft-landing gear mechanism
2.2. Multi-mass model analysis

Equation for the analysis were developed corresponding to the two-dimensional touchdown
dynamics model shown in Fig. 2. This model is adequate for the analysis of either three or four
legged vehicle. Motion takes place in a plane such that two legs contact the surface simultaneously
for four-legged vehicle. It is assumed that the vehicle has feet of sufficient area to prevent
penetration of the lunar surface [19]. In this model, the lander body is simplified to a simple mass
- spring system based on the rigid mode of structure vibration motion and first n dynamics
equations of vibration modes of a lunar Lander, which module quality and the number of spring
depends on the order of flexible modes and accuracy requirements of system [20]. The simplified
model of lander body model analysis and the body equivalent principle are as follows:

1) The natural vibration frequency of the simplified model and the actual modal frequencies
of the lander body are the same.

2) The vertical response of the intersection of simplified model / buffer system and the landing
/ buffer system are the same under the same load.

\ My, Zn \

Fig. 2. Simplified model of the lander body modal analysis

1 256 © VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. SEPTEMBER 2013. VOLUME 15, ISSUE 3. ISSN 1392-8716



1040. RESEARCH ON TOUCHDOWN PERFORMANCE OF SOFT-LANDING SYSTEM WITH FLEXIBLE BODY.
JINBAO CHEN, HONG NIE, WEI BO

Where in Fig. 2:

m,, — simulation of nth order modal mass of lander,

K,, — simulation of nth order modal spring stiffness of elastic effect,

Z,, —the vertical displacement of the mass m,,

C,, — simulation of nth order modal flexible damping coefficient.

Based on the rigid mode of the lander structure vibration and the n order dynamic equation of
the vibration mode the dynamic equation is:

[M]{Z} + [C1{Z} + [K){z} = {p}, )

where {z} = (29, 21,+,2,)", {P} = (o, P1, =, P) " P2 = =P = 0.
The dynamic equation of lander body in modal coordinates (include rigid mode) is:

(Mg} + 2[£1[7] 2 [R]* (g} + [R]{q} = @), @)

where {q} = (q0,q1,"**, 4n)" . do-
Corresponding lander sinking mode with unit vertical displacement:

[M] — generalized mass diagonal matrix,

[K] — generalized stiffness diagonal matrix,

[¢] — modal damping coefficient diagonal matrix.
According to the former equivalence principle, there is:

Zy = i fig:. (3)
i=0

Let:
n
z; = Z a;;q;, (ajp =1, i=1,..,n). )
j=0
Thus:
{z} = [al{q}, (%)
where:
1 i
=l T ©)
1 ap = apg

Put equation (6) into (1), collated as:

[M]{g} + [C){q} + [K]{q} = Q{f}. (N
Compare formula (2) with formula (7), the right options are found identical. The equivalent

condition of the simplified model and the original lander body attribute to the coefficient matrix
of the formula (2) corresponding to the formula (7) in the left:
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[#] = [o]"[M][a] = [#],
[C] = [a]"[Clla] = 2[€1[#]"*[R]"?, ®)
K] = [o]"[K][«][R].

Undetermined coefficients @;;, parameters m;, k; and ¢; in the simplified model can be
determined in equation (8). Since Kj; and M; satisfying the conditions that K;; = w?M;, ensuring
the free vibration frequency of the simplified model with the original landing body are consistent.

3. The finite element model and the simulation analysis of landing performance
3.1. The finite element model of the wholly landing simulation

The finite element of the soft-landing system is created by simplifying the related apparatus,
as shown in Fig. 3, this model is designed by Nanjing Astronautics and Aeronautics University.
The soft-landing system includes the main strut, the secondary strut, the buffering, the footpad
and the compression release apparatus [20-22]. The main strut is equipped with the buffering
which can relieve the landing impact. The secondary strut is equipped with the stretching and
locking apparatus which is used to stretch and lock before impact. The compression release
apparatus achieves to compress and release the footpad which can avoid excessive subsidence and
relieve the sliding resistance. Because the landing leg is composed of honeycomb whose wall
thickness is far less than its length, the cylindrical shells can be simplified as the shells unit and
the collector as the mass unit and the footpad as the shells unit [23-24]. The shells unit is divided
as grids with QUADA4. The piston rod and the outer cylinder of the landing leg is made up of
aluminum alloy 7A09T6 whose performance parameters (density, elastic modulus, Poisson’s ratio)
are given by: p = 2800kg/m3, E = 71 GPa, u = 0.33. The static friction coefficient, the
dynamic friction coefficient and the exponential decay coefficient of the aluminum alloy are given
by: us = 0.06, y,, = 0.03, f = 0.1. After connecting every member and defining the touching if
the aluminum honeycomb is equivalent to the Lagrange unit Hex8, the finite element model of the
prototype is divided as: 86130 units, 77832 connectors, as shown in Fig. 4.

Fig. 3. Schema of ;landing gear system

The buffering is composed of the strong aluminum honeycomb and the weak aluminum
honeycomb. As shown in Fig. 5, the resilient section and the dense segment of the honeycomb are
small after simplification. Assuming the carrying capacity F; = 16.4 kN, F, = 35.4 kN.

Then we have the corresponding buffering stroke S; = 150 mm, S, = 300 mm.
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Fig. 4. Finite element model Fig. 5. Undergone sketch of the two-stage
for soft-landing impacting honeycomb buffering

3.2. Simulation analysis of landing performance

In this paper, the landing conditions are set as follows: the value of the gravitational field
acceleration is 9.8 m/s?, the lander is released vertically from the origin at the speed of 4.43 m/s
and its four legs land on the ground at the same time, the module on the landing performance is
rigid, the total mass is 1800 kg.

Acceleration response and buffering stroke are the basic evaluation for the honeycomb during
the landing. In order to reduce the influence of high-frequency response, fast Fourier transform is
used to do frequency spectrum analysis of the original data. At the same time, we adopt a series
of low-pass filters of frequency of 90 Hz which is processed for it. Fig. 6 represents simulation

curves of the lander’s acceleration response which has been processed by a series of low-pass
filters.
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Fig. 6. Acceleration time histories of lunar landing
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Two-stage aluminum honeycomb buffering apparatus is adopted by primary buffering, as
shown in Fig. 7. The primary aluminum honeycomb is compressed in 0 ~ 45 ms, when the value
of acceleration remains about 5 g. In 45 ~ 55 ms, the acceleration increases dramatically and
then to its peak value 0f 9.61 g, in 55 ~ 85 ms the value of acceleration oscillates around 7.5 g,
and then the secondary aluminum honeycomb comes into play. In 85 ~ 110 ms, the lander
reduces its acceleration rapidly to finish the process of landing until its value oscillates around
—1 g and attitude tends to stabilize. Throughout the process of landing impact, the fluctuations of
acceleration response are mainly caused by buffer and the dynamic response of structures, where
the response higher than 90 Hz has been filtered.

The cushioning effect of the main and secondary buffering is mainly reflected on absorption
of aluminum honeycomb to impact energy during the landing. As shown in Fig. 7, the weak
aluminum honeycomb on main and secondary buffering begins to work from 0 ms; at 55 ms,
energy absorption capacity of weak aluminum honeycomb is depleted. At the same time, the
strong aluminum honeycomb begins to work. As a result, the intensity of lander’s acceleration
response increases. It is not until the aluminum honeycomb on main and secondary buffering
finish stopping the service that the value of lander’s acceleration response starts to decrease rapidly.

400 -
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Fig. 7. The energy absorption of main and secondary honeycomb

4. Flexible dynamics model analysis of the body in lunar lander

Soft-landing buffering is an important apparatus that to used to absorbing energy when landing
on the ground. In the process of landing, the lander body will endure the corresponding
elastic-plastic deformation. Bibliography [19] constructed a rigid-flex coupling dynamic model of
the rigid landing leg. Meanwhile, it analyses the effect of lander body distortion to the landing
performance. In that paper, the author points out that the body's flexible deformation will be
harmful to landing performance when landing. This section presents a study of the effect of lander
body distortion to landing performance in flexible state. Now we set the body as rigid and compare
the simulation results with the flexible ones, the results as shown in Fig. 8-9.

As mentioned above, there is a very substantial increase in the maximum structure responses
of acceleration and the cushioning strake comparing with the ones which doesn't take the body's
flexible deformation into account. In addition with regard to the acceleration response curve with
substantial and rectilinear oscillations, its amplitude relates to the elastic deformation of the body.
The lander body deformation is able to absorb some of the landing impact, which is equivalent to
the primary buffer apparatus. Thus reducing the efficiency of the buffer or rather making the buffer
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cannot absorb enough energy at the early stage. This part of energy is stored as the elastic potential
energy and it will be released during the landing later. Furthermore, because flexible deformation
of the body changes lander and the corresponding connection of the buffer pillar position, the
maximum structure responses of acceleration and the main column stroke is larger than the case
when the body is rigid. This process is periodic, so circle oscillation comes into being.

1204 Rigid body

..... Flexible body

wod T Flexible body
X 0.20

Rigid body

0.15

Acceleration/(m/s?

Stroke/m
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0.05

-20 T T T T T 1 0.00 T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.05 0.10
Time/s Time/Sec
Fig. 8. Comparison of the vertical acceleration Fig. 9. Comparison of the secondary strut
as a function of time deformation as a function of time

5. Conclusions

(1) Muti-mass equivalent model is deduced in this papers based on the simplified criterion of
the lander body.

(2) The flexibility of the body has significant influence on the overloading response of the
lunar lander though honeycomb cushioning material absorbs the same energy. The more flexible
is the lander body, the greater is the overloading response of lander.

(3) Taking the flexible lander body into consideration when designing the soft-landing system,
it is necessary to increase the structural rigidity.
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