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Abstract; Multi-objective optimization design of the gas-filled bag cushion landing system is investigated. Firstly,
the landing process of airbag is decomposed into a adiabatic compression and a release of landing shock energy. and
the differential equation of cylindrical gas-filled bag is presented from a theoretical perspective based on the ideal
gas state equation and dynamic equation. Then, the effects of exhaust areas and blasting pressure on buffer charac-
teristics are studied, taking those parameters as design variable for the multiobjective optimization problem, and

the solution can be determined by comparing Pareto set, which is gained by NSGA-[[. Finally, the feasibility of
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the design scheme is verified by experimental results of the ground test.
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0 Introduction

Parachute-airbag landing is an undamaged re-
covery method that is commonly used with mod-
ern unmanned aerial vehicles (UAVs), manned
spacecraft, and heavy cargo airdrops. A para-
chute's deceleration is limited because the landing
speed of a decelerated UAV cannot be too low; if
it is, the weight of the parachute system becomes
unreasonable. For instance, the recoverable mod-
ules of UAVs and manned spacecraft normally
have ground landing speeds between 6 m/s and

Therefore,
light and foldable airbags with superior cushioning

7 m/s after parachute deceleration.

performance are normally used to cushion the ve-
hicles’ landings.

Because they are effective cushions, after
many years of development, airbag cushions with
a variety of structures and forms are yielded.
Based on cushioning mechanisms, current config-
urations include enclosed and vented airbags. The

enclosed airbags have two maijor advantages.

They are not sensitive to the orientation of the
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payload on landing, and they have a history of use
in many applications. However, the multiple im-
lander orientation during

pacts and unknow

bounces complicates the design. On the other
hand., as the final attitude is unpredicatable lander
righting is required, increasing system mass and
complexity. Vented airbags, due to its determin-
istic impact load direction, can be deployed with a
more targeted arrangement. A properly designed
airbag with a suitable size and vent hole dimension
can keep the overload within the allowed range,
control the recovery object’ s final touchdown
speed, and prevent bouncing. In view of these ad-
vantages, a large number of UAVs and spacecraft
are presently recovered by means of vented airbag
systems. In the manned spacecraft "Orion”devel-
oped by NASA (National Aeronautics and Space
Administration) for the Constellation Program'’,
six vented airbags cushioning systems were de-
ployed. During the landing process, the external-
ly vented airbag acts as decelerator, and the inter-
nally enclosed airbag drops up the spacecraft and

prevents it from touching the ground. The U. S.
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Army's Natick research center designed a me-
chanical vent control mechanism for the cushio-
ning airbags used in heavy airdrops, which could
adjust the vent area during cushioning to smooth
variations in the airbag’s pressuret**. In addi-
tion, vented airbags were heavily used in the de-
livery of combat weapons and reliel supplies' .
In China, relevant research institutions studies
this type of airbag. A magnetostrictive actuator
was employed to drive vent valves and implement
proactive control of vent holes during the cushio-

(8], Shao™’ designed a vented airbag

ning process
system with a secondary airbag that leveraged gas
is recycled to improve the cushioning performance

L] investigated the

of airbag systems. Chen et al.
pros and cons of airbags with fixed and controlla-
ble vents using a theoretical model. Current stud-
ies show that, despite all the advantages of air-
bags with controllable vents, this type of airbag
requires a mechanical driver and a control system
to complete feedback and perform an action within
tens of milliseconds, which proves to be quite
challenging with the technology currently availa-

ble in China.

vented airbag cushioning systems generally re-

In addition, in China, studies of

main in the stage of theoretical analysis and simu-
lations, and there are few studies available to
guide actual engineering projects.

In this paper, a cushioned recovery problem
for a type of UAV is investigated. Based on a the-
oretical model and the NSGA-]I

multi-objective method of optimizing design for a

algorithm, a

horizontal cylindrical vented cushioning airbag is
proposed. The cushioning process is divided into
an adiabatic compression stage and a venting and
energy release stage. Piecewise non-linear differ-
ential equations for the horizontal cylindrical ven-
ted airbag are established. The relationship be-
tween the airbag’s design parameters and cushio-
ning performance is conducted. A multi-objective
(Optimize both the area of the vent hole and the
crack pressure) design method is proposed for this
type of airbag. Finally, the accuracy of the design

is verified experimentally.

1 Basic Dynamical Equations of Cy-
lindrical Vented Airbag System

A certain mass of an ideal gas inside a cylin-
drical vented airbag satisfies the following state
equation

P=pe(y—1 @b)
where p is the density of the gas, e the specific in-
ternal energy of gas, and y the gamma constant.
The specific internal energy represents the inter-
nal energy of one mass unit of the gas. Using the
ideal gas law, this parameter can be represented
using the gas's initial specific internal energy.

It is assumed that the recovery object with
mass is in the upper part of the airbag. For sim-
plicity the connections between the recovery ob-
ject and the airbag will not be included in the rep-
resentation of the system for the simulation, in-
stead the degrees of freedom of system will be re-
stricted to prevent rotation or movement not in
the vertical direction. Upward is defined as the
positive direction of the recovery object’s displace-
ment. The balanced position is defined as the ini-
tial position, the external pressure is P.. The air-
bag deflation geometry is idealised as the double
truncation of a cylinder. If the landing craft plate
moves 10 cm after the bag initially comes into
contact with ground, 5 cm both of the top and the
sphere bottom is cut off and the cylinder is com-
pressed without deformation of the rest ( See
Fig. 1). This means that the volume of the airbag
is now that of full cylinder minus that of the com-
pressed domes at the top and bottom. This meth-
od neglects the reality that a cylindrical bag does
not deform in this idealised fashion. More realisti-
cally the bag deforms with a more expanded mid-
section, similar to a donut without the centre
removed. In addition, because the stiffness of the
airbag's fabric is significantly less than the support

Volume change —gz =~ Au

Interaction area

S~ -

Fig. 1 Deformation in cross section of airbag



210 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 33

provided by the gas, the effect of the airbag fab-
ric' s stiffnes can be ignored. Then, based on
Newton's second law of motion, the equation of
motion for the recovery object is as follows

mu + (P, —P)S+ mg =0 (2)
where S is the interaction area of the recovery ob-
ject and the airbag. For a horizontal cylindrical

airbag with length L, the interaction area S is

rt — (r— Au-+u)?

S=2L u & [Au—r,Au]

3
where Au is the initially generated compression
when the object is in its balanced position. As-
suming that the airbag’s initial volume is V, and

its initial pressure is P, , the initial interaction ar-

cais Sy =2Lr’—G—Aw?. It is worth noting
that all of the initial conditions can be calculated
from the balanced condition, the state equation of
the gas, and the geometrical relationships. If the

gas has an initial density of p,, the initial mass of

the gas is
m, =p,V 4)
The initial specific internal energy of the gas is
P,
2y =———— 5
e oy —D 5

Because at any moment during the recovery

process the volume of the cylindrical airbag is ap-

proximately
the density of the gas inside the airbag is
=" % %)

According to the law of conservation of energy,
before vent occuring, the total energy of the re-
covery object/airbag system is conserved. There-
fore, the recovery object’s mechanical energy and
the internal energy of the gas convert into each
other. Assuming that the recovery object’s initial
position has zero potential energy, its mechanical

energy at the present moment is

E:%mitz+mgu 8

Initially, the mechanical energy of the recovery

object is

Eozémz‘lévnguo 9

The law of conservation of energy can be used to
calculate the total internal energy of the gas inside
the cylinder at the present moment as follows
E=E, +E, —E (10)
where E, is gas's initial total internal energy,
which is determined by combining Eq. (4) and
Eq. (5) to obtain
PV,
y—1
From Egs. (10),(11), the gas's specific in-

(1D

E,=m,e, =

ternal energy at the present moment can be ob-
tained, namely

7£:(E0+E0) 7iﬂu37ﬂgu (12)
2 m, m,

m, m,
Next, the airbag's internal pressure at the present
moment can be obtained from Eq. (1), namely

P:p[i(& ;:E“) —%n’%iﬁ —mﬂ;,u} (y—1

(13)
Note that m,=p,V,=pV, Eq. (13) can be re-

written as
_r— 1/ N S -
P = (EO + E, 2mu m(gu) (14)

Substituting Eq. (14) into Eq. (2) yields the dif-
ferential equation that describes the dynamics of

the airbag recovery system before vent

. E,+E,

mu v (y— DS +

%mzkz + mgu
#(7* DS(uw) =—mg — P.S(w)
(15)

Egs. (3), (6), (15) can be grouped to form a
system of simultaneous differential equations for
this non-linear problem. With the initial condi-
tions «(0)=0 and «(0) =1, , the response of the
center can be calculated using the different meth-
od.

As the compression process proceeds, the
airbag is in the venting phase when the internal
pressure of the airbag reaches the burst pressure
P.. At that moment, Eq. (20) is still valid. To
facilitate explanation, the balance equation for
this phase is

mu .+ (P.—P. )OS+ mg =0 (16)

4 " .
where "ex’ denotes a gas state parameter in the
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vent phase. According to Ref. [11], the venting
rate of a vent hole is related to the difference be-
tween the internal and external pressures, the ar-
ea of the vent hole A.., and the retention coeffi-

cient K. The venting rate is

=1 =1

ke ) () [T ]
an
Assuming that during venting, the tempera-
ture of the gas inside the airbag is fixed and "cr”
denotes the gas state at the moment of cracking,

the gas inside the airbag satisfies
P,.(V,+u,(S+S,)=mRT,

In addition, since

18

(19)

and the initial conditions are u. (0) =u., » ., (0)=

m, :poVo —4q
ues and ¢ (0) =0, Egs. (3),(16)—(19) can be
grouped to calculate the response of recovery ob-
ject and the patterns of variations in the airbag pa-

rameters during the venting stage.

2  Optimizing Multiple Objectives in
Design of Vented Airbag System
for UAV

2.1 Discussion on characteristics of exhaust airbag

The design of an airbag recovery system for a
UAYV in a standard environment is used as an ex-
ample to investigate the cushioning performance
of a vented airbag. Mass of the UAV system is
250 kg.

5.4 m/s. During the gas injection process, the ni-

The vertical ground landing speed is

trogen cylinder system carries in the body of the
vehicle injects air, and the stable operational pres-
sure is equal to the environmental pressure, i. e. ,
po=p.. To facilitate the design, based on previ-
ous recovery experiences, the airbag is designed
as a cylinder 800 mm long and 600 mm in diame-
ter.

Previous studies show that proper real-time
control of the vent hole’s area can cause UAV to
perform a "zero speed” landing. However, because
it is constrained by the development of sensor and
control mechanisms in China, actual control of

the vent hole's area is unable to satisfy the theo-

retical requirements of the ultrashort venting peri-
od, and there is a significant delay. Therefore,
most of the vent airbags still use fixed vent holes.
Fig. 2 shows the maximum overload and touchdown
speed within the vented airbag during impact at-
tenuation. The graph shows as follows:

(1) When the area of the vent hole is fixed,
none of the following parameters exhibits varia-
tion with a linear trend: the UAV's maximum
overload, its touchdown speed, and its crack
pressure.

(2) When the crack pressure is fixed, the
UAV's maximum overload decreases as the area
of the vent hole increases. After the area exceeds
a certain threshold, the maximum overload does
not change. In contrast, the touchdown speed
gradually increases.

(3)When the area of the vent hole exceeds a
certain threshold, the UAV's maximum overload
does not change. However, at that moment, the
touchdown speed continues to increase.

The above analysis shows that an oversized
vent hole is likely to result in an accelerated vent
speed and relatively fast cushion stroke height as
UAYV descends. Therefore, the amount of energy
lost per unit mass of gas is reduced, which defi-
nitely requires increasing the airbag’ s height.
When the area of its base is fixed, the discordance
between the height and the area of the base re-
duces the airbag's stability and reliability, thereby
complicating the control rule. In contrast, an un-
dersized vent hole significantly increases the over-
load level. Therefore, a proper design is necessa-
ry to coordinate the relationship between the over-
load and the touchdown speed. In the following
sections, both of these parameters are used as ob-
jective functions in the multi-objective optimiza-

tion process.
2.2 Multi-objective optimization design

The vent hole area coefficient ¢., and the
crack pressure P, are optimization parameters.
The initial area (the aperture is 120 mm) and the
area coefficient are multiplied to determine the ar-

ea of the vent hole. A mathematical model of the
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Fig. 2 Change of cushioning properties with airbag pa-
rameters
multi-objective optimization problem whose objec-
tive functions are the maximum overload a,,., and
the final touchdown speed vy, is
Ch < € << o P <P <Py
(20)

where the superscripts U and L denote the lower

Min. @me s Ui S. t.

and upper limits, respectively, of the design vari-
ables.

The Pareto front (See Fig. 3),[ cees P ]/ (I=
1,2, e
optimization problem by NSGA-]] , where N is

»Np), can be obtained for multi-objective

the number of Pareto optimal solutions. Every

objective (J;([cexs P 1) si=1,2,+

malized with respect to its minimum and maxi-

s Ng,) 1s nor-

min

mum values(J™* and J™) on the Pareto front ap-
proximation, J;([cwsPo])i=1,2,+, Ny

T i Ji([cex’Pcr:Ij)i.]zmm
i(Lews P [ = -
] I:L ] Jll_'nax _J’mm

Obviously, if J;([c¢& s Pi D=0, that means [ ¢l

@D

optimal solution is chosen as the final identified

result. The results are listed in Table 1.

Tablel Final optimal solution
Amax/ & Vg /(m e 571 P../Pa Cox
6. 85 1. 49 11 531 1. 31

3 Experiment on UAV Airbag Sys-
tem

To verify the accuracy of the optimized de-
sign of the airbag system, a relevant study invol-
ving an airbag drop test is conducted. The test is
conducted in the drop testbed of the Launch and
Recovery Technology Laboratory, UAV Research
Institute, Nanjing University of Aeronautics and
Astronautics. The test article and the airbag are
lifted to a height that allows them to reach a para-
chute landing speed in free fall. After being re-
leased, the test article drops to the ground plat-
form. Impact sensors under the platform record
and export the impact signals, which are recorded
by the data collection system. At the same time,
data on the vehicle body's acceleration are recor-
ded, and the vehicle body's touchdown speed is
recorded using a high-speed photographic system.
The overall testbed is shown in Fig. 4.

Fig. 5 show the velocity and overload curves
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Fig. 4 Impact test for UAV airbag system

(The filter frequency is 50 Hz) for the center of
gravity of the vehicle body, which is collected
during the test. A comparison resulted from the
theoretical model shows that the peak value and
pulse width from the theoretical model match the
test results well. In addition, the touchdown
speed obtained using the high-speed photographic
system is approximately 1. 1 m/s, which is basi-

cally consistent with the theoretically calculated

result.
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4 Conclusions

In this paper, a theoretical model of a hori-

zontal cylindrical vented airbag is developed based
on the state equations of internal gases and the
law of conservation of energy of the system, and a
numerical algorithm is used to analyze the effect
of the airbag system’s parameters on its cushio-
ning performance. The touchdown speed and the
maximum overload serve as objective functions in
a multi-objective optimization process for the cy-
lindrical vented airbag system. Based on the de-
sign requirements and screen criteria, a final de-
sign is identified. Finally, the feasibility of the
proposal is verified experimentally. The design
method proposed in this paper is a valuable trial
for various systems that use vented airbags for re-
covery, and it has practical value in engineering
applications. The design approach is universal and
can be directly applied to recovery design in other

space and aviation systems.
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