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A novel algorithm to model and simulate the general parachute-payload system was developed. This algorithm
adopted the multibody system method and the Kane equation to analyze dynamically the parachute-payload system.
Two main aspects of the algorithm were discussed: treating the parachute system as a special multibody system and
establishing universal methods to select the general coordinates. The chosen general coordinates were suitable for the
parachute-payload system to describe the kinematics of the system. The Kane equation and its augmented form
aiming at systems with variable mass were applied to create kinetic equations. Additionally, some special issues in
simulating the parachute-payload system, such as parachute opening and contacting between the parachute cluster
and the sling system, were further analyzed within a unified framework. A solver to numerically implement the
proposed algorithm was developed by using C++. The solver was able to read the formatted configuration files of a
concrete parachute system and to uniformly conduct the simulation for the different stages during the entire airdrop
process. The algorithm and solver were verified by some examples obtained from literature or generated by

commercial software and were applied successfully to investigating many kinds of parachute-payload systems.

Nomenclature

C,D,E = auxiliary matrices

e = local derivative of the rotation reference

FM = force and torque

H,; = transform matrix from reference frame j to reference
frame i

HY, = map matrix for linear velocity

H f“ = speed transform matrix of body i

H 2 n = map matrix for angular velocity

HY = angular speed transform matrix of body i

J = inertia tensor

L; = set of bodies in the branch from 0 to the body i

L"(i) = nth inside body index of the body i (n =0, 1,...)

m, m = mass and mass matrix

q. 9 = vector of the generalized coordinates and their
derivative

r,d = vector of position

S(v) = skew matrix of the vector v

T = channel matrix of the multibody system

V,v = vector of linear velocity

o, A = auxiliary matrices

B,o,n = auxiliary vectors

¥, 9, ¥ = Euler angle triplet

Q, 0 = vector of angular velocity

Subscripts
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i,j = body index

r = relative

Superscripts

a = inertial (force or torque)

o = external (force or torque)

T = transform of the matrix

* = generalized inertial (force or torque)

I. Introduction

ARACHUTE systems are being widely used in many fields

nowadays, such as spacecraft recovery, planet probe landing,
and rapid aerial delivery of equipment and supplies. In a typical
heavy-cargo airdrop system (HCADS) [1], the parachute system
becomes very complex. The HCADS is composed of 10 parachutes,
including one extraction parachute, one pilot parachute, four
relatively small drogue parachutes, and four main parachutes. The
payload usually weighs more than 7 t. In such a complex parachute-
payload system (PPS), parachutes deploy in a prearranged sequence
to decelerate the payload in a controlled fashion, resulting in drastic
changes in system configuration at different stages of the airdrop
process.

The computer simulation technique, which is able to predict the
performance of parachute system and provide alternatives to or com-
plements to drop tests as well as laboratory experiments, has signifi-
cantly enhanced the technology of the airdrop system. However, it
still is a challenge to develop a universal approach that is suitable for
different parachute system configurations, due to the complexity of
the parachute cluster, the payload and sling system, the unavoidable
variations in parachute inflation, and the elasticity of all components.

Researchers have dedicated great efforts to build models to
simulate different particular configurations. For example, Fallon [2]
developed a planar model to analyze the Queen match recovery
system, in which a single parachute is connected to a payload through
a textile line with a defined elasticity. Moulin [3] discovered the
importance of the contribution of the link in the dynamic behavior of
the typical parachute system used for planetary entry. In the same
study, the author established an 8 DOF (degrees of freedom) model
by assigning a certain amount of mass to the confluence point. A
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similar model with the bridle collapse taken into consideration using
geometry method was developed by Raiszadeh and Queen [4,5]. Asa
part of decelerator system simulation, Cuthbert [6], Cuthbert and
Desabrais [7], Cuthbert and Conley [8], and Potvin et al. [9]
established a 2-dimensional model for the four bridles in the drogue
sling system and used riser angle to determine sling configuration by
comparing it with the sling angles. Raiszadeh [10] modeled the
confluence point as an equilibrium point to overcome the numerical
stiffness caused by the little mass point of confluence during
simulation. NASA employed their own software (such as POST [3]
and DSENDS [11]) for spacecraft simulation to conduct the
trajectory analysis of the planetary landing system. Each model
mentioned previously was developed for a specific system
configuration or stage. It is therefore necessary to develop a
universal method to simulate the general parachute system during the
entire process.

The primary purpose of this paper is therefore to propose a novel
algorithm to model and simulate the general PPS during the entire
deployment process. The algorithm, simulating the PPS as a
multibody system, will address all complex issues stated previously
with the aid of multibody system dynamics [12] and can be applied
easily to simulate various types of PPS, such as a cargo airdrop
system, planetary entry systems, and personnel parachutes. In
particular, the different stages during the entire deployment process
of the PPS can be simulated uniformly.

Structure analysis of the
PPS

)

Selection of the general Methods of the multibody
coordinates system dynamics

I —

Kane equation and its
extension

Kinematics analysis

‘—l
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Fig. 1 Scheme of the algorithm framework.

II. Algorithm Framework

In this section, the details of the framework of our algorithm to
simulate the PPS by considering the parachute systems as a special
multibody system will be introduced. Our algorithm includes the
following aspects (Fig. 1).

1) Analyze the kinematics of the PPS based on the methods of
multibody system dynamics following its structural analysis and
selection of general coordinates. The vector of generalized
coordinates (VGC), vector degrees of freedom (VDOF), and map
matrices will be introduced in this part.

2) Study the kinetics by using the Kane equation and its extension
for the variable-mass system.

3) Build the framework of the simulation model after considering
some key problems of the PPS, such as parachute deployment,
parachute cluster, and sling system.

4) Implement the numerical solver according to the model
framework and the software engineering.

5) Iustrate the algorithm with several examples.

A. Assumptions

The following assumptions were used in the present study.

1) During the airdrop process, the forces acting on the system
include the gravity and aerodynamics forces.

2) Distortion of the shape of the parachute canopies was negligible
after full inflation. The parachute was an axisymmetric rigid canopy
with elastic suspension lines.

3) The aerodynamic forces generated by suspension lines were
negligible.

4) The forces resulting from twisted risers and bridles were
neglected.

B. Model of the PPS

As shown in Fig. 2, the PPS type is different for various
application situations. However, all PPS are essentially identical
from a multibody dynamics viewpoint. Specifically, each PPS, as a
free multibody system during airdrop, is composed of four
components with different features (Table 1).

These four parts were processed differently in this paper. The fully
inflated parachute was regarded as a semirigid body composed of a
rigid canopy connected to elastic suspension lines, because
parachutes are the major parts of PPS. Furthermore, the interaction
forces between the semirigid parachute and its connected bodies
were considered. A similar approach was adopted to describe the
inflating parachute, introducing the drag coefficient and the drag
area, which are changing during the inflation process. For the
purpose of snatch-force analysis, the canopy was treated as a mass
point, as the lines were stretched out because it remained packed in
the deployment bag. The confluence fittings were considered as point
masses, and the suspension lines were considered as elastic
constraints. According to assumption 4, only exerted forces were
acted by these lines without torques. Finally, the payload was
simulated as a simple rigid body.

c) d)
Fig. 2 Schematic for different parachute-payload systems.
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Table 1 Dynamics features of four components included in PPS

Item Mass  Inertia Apparent mass Mass variable Aerodynamic force Elastic  DOF
Parachute v v v N v v 3
Payload v v X X v X 6
Line X X X X X v N/A
Confluence fitting N X X X X X 3

“The symbol v means it is necessary to be considered, and the symbol x means it is unnecessary to be considered.

System structural analysis is the first step to model a multibody
system. The virtual body was introduced as a basic unit to build the
topology of the PPS and represent the kinematic parameters of rigid
bodies in this study. As translation and rotation movements each
involve 3 DOF, each virtual body in this algorithm is allowed to
move in no more than 3 DOF to unify the representation of the
equation of motion with matrices and vectors of the third order. In the
case in which a rigid body has more than 3 DOF, it must be
represented by two virtual bodies. As demonstrated in Fig. 3a, two
parachutes are connected to the payload by a riser (AB) and two
bridles (BC1 and BC2). The corresponding topology is depicted in
Fig. 3b. Two things should be noted: first, the payload with the center
point O1 was decomposed into two virtual bodies to represent its
translational (first virtual body ) and rotational parameters (second
virtual body). Next, two bridles were considered as constraints. This
treatment is different from that in previous research.

The VDOF is defined as a combination of three possible DOF of
each virtual body to make expressions of equation of motion more
concise. Similarly, if a real body has 6 DOF, it must be expressed by
two VDOF, whereas most of them need only one VDOF.

C. Vector of Generalized Coordinates

According to the definition of VDOF, the VGC was defined to
indicate the VDOF. The VGC consisted of three generalized
coordinates: ¢ = (g, ¢, q3)". There are only two types of VGC used
in this model, and they are well suited for the parachute systems
containing axisymmetrical objects and lines. One kind of VGC is
based on the cable axes coordinates ¢ = (y, d, )" and another is
developed in light of the Euler angle triplet ¢ = (y, ¢, %)T. The
processes to form both types are shown in Fig. 4.

Using VGC, we can obtain the linear and angular velocity vector
for VGC with respect to each virtual body’s local frame by two
transform matrices H* and H" (as listed in Table 2): @, = H%§ and
v. = H"q.

For more generalized conditions, the matrices are slightly different
if the virtual body has less than 3 DOF. For example, if d is fixed by
the constraint in the VGC of ¢ = (y, d, #)7, the H" will be zero. By
using VGC, all of the derivations shown subsequently can be
conducted in the form of vectors and matrices. The uniform
equations using a matrix and vector array can then be formulated.

D. Kinematics Analysis

Generally, a real system consisting of m rigid bodies can be
represented by n virtual bodies. The vector arrays of linear and

b)
Fig. 3 Configuration and topology of a sample system.

angular velocity for the real system and the virtual-body system

in the global frame are defined as V=(V, V, --- V)7,
Q=(2, Q - ), v=(v v, - v,), o=
(0, o, ®,)T. In addition, ¢ = (q; q» q,)" and

q=(q, q q,)7 are defined to denote the vector of the
generalized coordinates and their derivative for the virtual-body
system, respectively,

The matrix form of kinematic equations could thus be derived
through the topology analysis of the virtual-body system (see [1] for
details regarding the detailed derivation process):

» =pBq M
w=BG+o (2)
v =ag 3)
v=af+1 “

where B, «;, oy, and « indicate the matrices with matrices as
elements; o, 1, and «, represent the vectors composed of vectors;
Bjj=-C{T;, o=-T"D°, ay;=—-CT;, o;=-D7T;
a=ay+af, n=a0—TTE?, C? = Hy;H?, D? = [H H}
+S(®;)Cg;, C; = HyH!, D;=—S(Hyd;), and E; = S(w,)
(2Ciq; + D;w,).

To get the kinematics parameters of real bodies from those of
corresponding virtual bodies, we introduced the map matrices H,
and HY, and defined 2 = H?,® and V = H,v. Then the partial
velocity and partial angular velocity of the ith real body to the jth

VGC are determined as £2;; = 382,/d4; and V}; = aV,/dq,,
respectively. Using the map matrix, matrices of the partial velocities
V' and the partial angular velocities £ of the real-body system can

be linked by V = H” , and £' = HE,B.

E. Kinetics Analysis

For a PPS consisting of m real bodies, the vector arrays of
the external force F° and torque M° are defined as F° =
(F¢ F3 Fo)T and M° = (M¢ M35 --- M)T. Both
the force and torque are the resultant of the aerodynamic force,

v }3 Ye Yc
X 7 ) ! Zc/ - ‘:({ . Xo
/0 Z A 0 x -7 1o} X
)] (3) (C))

a) VGC based on the cable axes coordinate

Y Y YQ Y
X X ! 0

7 N I~ X
0] 7 0] X zZ [0} 0

=0
M e ®
b) VGC based on the Euler angle triplet

Fig. 4 Process to create the VGC.
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Table 2 Transform matrices of VGC

VGC H? H"
g=(.d. " 1 0 0 000
0 0 siny 01 0
0 0 cosy 00 0
— T 1 sin ¥ 0 0 0 0
7= 0.9 0 cosvcosy siny 0 0 0
0 —cos¥siny cosy 0 0 0

gravity, and contributing interaction forces (discussed subse-
quently). The aerodynamic force and torque are the most important
forces applied on the PPS and can be computed according to the
kinematic parameters and aerodynamic coefficients obtained from
experiment or numerical simulation. Similarly, the vector array of the
generalized active F for the entire system is defined as
F=(F, F, F,)T. The generalized force for the jth body
(j=1,...,n), F;, can be deduced as follows:

m
F7 =) (F'Vi; + M %2])) )
i=1
Thus, the vector array of generalized active force F is
F = (HY,«\TF° + (H, B M° (6)
where o} ; = a{j, L= ﬂfj, andi,j=1,...,m.
As with the generalized active force, the vector arrays of the inertia
force F* and torque M are defined as F* = (F¢ F§ --- F%)T
and M* = (M{ M} M¢,)T for the whole system. They can

be formulated in accordance with the inertia force and torque for each
body:

F*=-mH], (eg + 1) (7)

M =—JH}, (BG + o) — M’ ®)

where M? = @; x (J;®;), and m represents the mass matrix, which
is a diagonal matrix and each element is also the mass matrix of m;,
where each rigid body i =1,...,m. It should be noted that the
additional mass matrix must be taken into account for the parachute.

Based on the preceding equations, the matrix-form generalized
inertia force F* = (F; F; F;)T can be expressed as
follows:

F*=—-\j— (Hﬁha/)TmHﬁhn + (H,?_,,ﬂ/)T(JHff_ha + M)
)
where
A= (tha’)Tmtha + (Hﬁhﬂ’)TJHﬁhﬂ (10)

It is obvious that A is a positive definite matrix.
Finally, the simplest equation of motion for this system can be
formulated by using the Kane equation F + F* = 0:

Aj=p (11)

w =(HY,o)F° —mH{,n) + (H},B)(M° — JH} ,0 — M")
(12)

F. Interaction Forces Contributing to Generalized Active Force

The interaction forces stemming from elastic lines used in the
parachute system, such as suspension lines, risers, and bridles,
should be considered due to their contribution to the generalized
active force. If the VGC for a specific elastic line is

q,=(y, d, 9,)7, in line with the cable axes coordinate, the
force F, along this line can be written in the local frame bonded with
thelineas F, = (0 —f, 0)7,and

fr:kr(dr_drO) +Crd'r (13)
where k, and c, are the stiffness and damping coefficient, and d,,

represents the initial length of the line. The contribution of the elastic
force to the generalized active force for the jth VGC is calculated as

3(qr - qL(r)) — FT a(err + Drwr)

F T — FT
rj r aql r aq

(14)
j

Depending on the relationship between indices, Eq. (14) can be
expanded to the following form:

FI(C,+D,C9) j=r
Fl,=1FDC? j€EL, (15)
0 else

Considering
F ,TD,CJf-2 =0 (16)
and

CZFr:HilTH({r'HO,r'(O _fr O)T:(O _fr O)T
am

we then derived F,; in the local frame of the line:

— (0 _fr O)T j=r
o=l o"or 130 (9

III. Some Key Problems for the Parachute System

Before employing the algorithm to a real PPS, some specific
simulation models need to be developed. The algorithm for the PPS
includes the parachute opening model including the parachute and
the payload as separated 6 DOF masses, the parachute cluster model
in which each parachute has 6 DOF considering contact between
parachute, and the slung-payload system model allowing for the
slings and risers as elastic or inelastic constraints. These models, as
the foundation to simulate a complex PPS, were integrated into the
simulation using this algorithm.

A. Model of Parachute Opening

The parachute opening process can usually be divided into two
subprocesses: deployment and inflation. The deployment process
starts from the instant when the extraction parachute pulls the
deployment bag away from the payload, which may remain attached
to the aircraft. In this paper, it is assumed that the extraction parachute
deploys the main parachute. Most often (though not always) the
suspension lines will be pulled from the deployment bag first, then
when the suspension lines are deployed and fully extended, the
suspension lines will pull the parachute canopy from the deployment
bag. The inflation process begins the instant the parachute first
captures the air mass and reshapes it by interacting with the
surrounding airflow, and it ends when the parachute is fully inflated.
As a result of the rapid changes in the shape and drag of the canopy
during inflation and the massive undetermined contributing factors
that cannot be accurately predicted, it is difficult to model both
subprocesses with a high degree of accuracy.

In this section, the dynamic model of the parachute opening
process was built based on the framework described in previous
sections and Ge and Cheng’s [13] equation. Ge and Cheng extended
Kane’s equation aiming at the nonholonomic variable-mass system
and introduced the generalized thrust to consider the effects of the
variable mass. Computing the thrust is the key part for using Ge and
Cheng’s [13] equation to study a variable-mass system.
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Considering the general system built previously, the thrust F/ for
the ith body B; with variable mass m;, can be calculated as F} =
(0 F7 0)7 in the local frame of body B;:

F' =riu, (19)

where u; is the velocity difference between B; and the part separated
from it, and rz; denotes the time derivative of m;.

Using Ge and Cheng’s [13] equation, the generalized thrust for the
jth VGC can be stated as

Nv

or;
F'=) F j=1~N, 20
j Z:,M/ J v (20)

i=1
where N, is the index number of the body with variable mass.

Now we can apply Egs. (19) and (20) to simulate the parachute
opening process. The first step is to characterize the topology of the
system during the opening process. The simplest configuration of the
parachute opening is given in Fig. 5a, in which only one parachute
and one payload were included. Figure 5b shows the corresponding
topology. The payload is depicted as the first and second virtual
bodies, and the parachute is modeled as the third virtual body. The
opening direction is along the Y axis of the parachute.

The second step is to compute F”, the magnitude of F” for each
variable-mass body. In the deployment process, the mass of the
parachute is variable. We can calculate the magnitude by

Fr = mu? @1)

where m is the mass distribution of the parachute along the
deployment direction, and u indicates the speed difference between
the parachute and payload.

During the inflation process, the apparent mass of the parachute
alters with the air flowing into and out of the canopy. Within the
canopy, the airflow is extremely complicated. For the sake of
simplification, the change in the additional mass r1, is considered as
the only variation of the parachute mass. The difference of speed
between the parachute and payload is computed as follows:

u = 1in;/(pA) 22)
Hence, the thrust is

Fr = i = i/ (pA) 23)

B. Parachute Cluster Contact Model

Parachute cluster systems were developed to increase system
reliability, to avoid using a single excessively large canopy (as the
failure of a single canopy will not cause a system failure in a properly
designed system), and to be manufactured and packed easily. The
methods used to design a cluster parachute system were at first based
on empirical data. In such studies, the cluster is treated as a single
parachute by using a cluster coefficient to account for the lower drag
of a canopy used in a cluster as compared with the drag of an
individual canopy. As discovered in the test, the phenomena such as
collision and lead lag indicate that one canopy may commonly inflate
more quickly or slowly than others in real-world operation,
especially under the complex flowfield. The angled orientation of the
individual canopies and corresponding reduction in drag coefficient

Fig. 5 Configuration and topology for the parachute opening process.

cannot be simulated by using traditional methods in which a cluster
coefficient is required.

In contrast, the simulation model provided in Sec. II is capable of
easily investigating this issue thoroughly by separately modeling
each parachute canopy included in a cluster. The most important
remaining problem is to model the contact between parachutes in
cluster, which is very challenging with the current state of the art.

The penalty formulation, which is usually used to simulate the
contact occurred in elastic solid, was applied to shaping the contact
force between parachutes to simplify the simulation. Considering
that the fully inflated parachute can still be treated as an elastic body
despite its extreme flexibility, a similar formulation could be adopted
for the parachute. Figure 6 exhibits the basic schematic for the
contact between two parachutes that connect to point /. Parachute
centers of gravity are J and K, respectively. In this figure, point C is
the contact center point of the contact surface. The forces and torque
acting on the parachute J are defined as F,. and T, and u is the
direction of collision.

In the model, the contact force defined in Eq. (24) was modeled as
a spring. The contact force is thus the function of the deformation

length § and deformation speed $ during the contact process [14]:
F .= (K8" + DS)u (24)

where K, D, and n are the coefficients. All of these coefficients
should be reconstructed from experiment data or numerical
simulation based on the structure dynamics methods, such as a finite
element method.

The torque can then be calculated according to the force:

T.=(r.—r)xF, (25)

where r, and r; are the position vectors for points C and J.

After acquiring the force and torque, the easiest way to use them is
to consider them as the external forces acting on each parachute. In
addition, there is a better way to build the detailed system model with
this algorithm.

The contribution of the contact force and torque to the generalized
active force for the 7th VGC can be rewritten:

or; or 0®w; Jw
Fe=F LX) 4T, —=* 2
‘ ‘(aqr aq',)+ ‘(aq', aqr) 2o

Combined with L'(J) = L'(K) =1, /; =C;q; + D;0,;, and
ry = Ci gy + Do, Eq. (26) can be expanded to different form
depending upon the value of r:

FC,+T.C® r=j

—F.C,—T.C® r=k

"7 F.D; - D)CE rel
0

else

Fig. 6 Schematic of collision between two parachutes.
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C. Model of the Sling System Considering the Elastic Bridles

The sling system is composed of individual slings, or bridles, and
was treated as two rigid objects linked by many elastic-line
constraints. A general scheme for analyzing elastic-bridle constraints
is given in Fig. 7. O; and O; are the mass center of the two virtual
bodies B; and B, respectively. O, indicates the confluence point,
with the biggest index between the two branches from 0 to i and from
Oto j. DE connects B; at the pointof D and B; at E. DE was modeled
as a constraint.

To characterize the virtual body of DE, the VGC ¢ =
(y, d, ¥,)" with respect to virtual body B; was defined. Thus,
DE can be treated as one contribution interaction force in this system.

The global position of DE can be derived by both the reference-
frame transform matrix and the relative position:

rpg=HyH; jpg =1 +1ip—(r; +71p) (28)
Expanding Eq. (28) in a body reference frame, we obtained

Fpg =F; + Fjg — (F; + Fip) 29)

FpE + Wpg XFpg =71 T+ Fjg +®@jg XTFjg —Tip —®;p XTip

(30)
Finally,
Hyg,= Y Hg,— Y Hg —SHyrpo,
t=k,teL; 1Zk,leL;
+ S(Horip)w; (€30

where H, = C, + D,C%. Therefore, g, and ¢, can be calculated by
solving Egs. (28) and (29), respectively.

IV. Implementation of the Solver

Guided by the software engineering rules, a numerical solver for
the algorithm was developed by using C++. The solver is able to read
the configuration files of a rigid parachute-payload system, including
the properties of mass, structure, and aerodynamics of each
component in the real system; the topology information of the
virtual-body system, such as the linkage and constraint relationship;
the information of the wind field; and the settings of the simulation.

Overall, the initial step to use the proposed algorithm to conduct a
specific simulation is to analyze the real parachute system and build a
representative topology. The main area that needs special
consideration is the simulation of the parachute system operation
over the entire process, from the drop through full inflation of the
parachute system to achieving stable descent. Although the topology
behavior changed with the deployment of each parachute, a script file
is used to create the connection during each stage after the stage
identification in our solver. The stage here means the duration when
the system topology remained invariable.

V. Results and Validation

To testify our algorithm, three examples were simulated. The first
one is a simple computation of the motion of a mass point compared

o

NN
S
S
’, 1
4 1
/ !
1

Y / / D
J/ o
X , P 0[

Fig. 7 Analysis of the elastic bridle.
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Fig. 8 Case configuration.

with the results from the commercial software Adams, the second is
the simulation of the Mars lander mission with the comparison with
[5], and the third is a more complex simulation of the HCADS
compared with the tests. All simulations are performed by using a
fourth-order Runge—Kutta method with 0.0001 s as the step length.

A. Motion of a Mass Point

The motion of a single mass point A moving around a fixed center
point O through an elastic line was analyzed. The configuration and
initial values of the system are listed in Fig. 8 and Table 3. To
compare the performance of the algorithm described in this study and
that of commercial software, simulations were conducted using the
algorithm and Adams, respectively. The trajectory comparison of
point A under different initial velocities v is given in Fig. 9. It should
be noted that the results of the simulation using the algorithm agree
well with those yielded from Adams, which is a general multibody
dynamics simulation software validated by massive examples. It is
worthwhile to point out that the algorithm in this study is more
suitable than Adams for the parachute system simulation. The reason
is that our algorithm is better suited to deal with the special issues of
the parachute, such as parachute opening, intercanopy contact, and
computation of the aerodynamic force of the parachute and payload.

B. Mars Lander Mission

The results calculated using the algorithm proposed in this study
were compared with those obtained from [5], in which the
simulations were performed by using POST and MATLAB under
different condition for the PPS employed in the Mars lander mission.
The detailed configuration of the PPS can be found in [3].

The first case for the purpose of validation was that the system was
dropped vertically with no initial velocity, with the vertical riser
having 1_cm of slack, and the condition was given in Fig. 3a shown
in [5]. As depicted in Fig. 10, our simulation results confirmed the
results from [5], except for the initial phase (from 1.4 to 2.0 s). This
difference may result from the different models used to describe the
parachute. Specifically, the parachute was considered as a flexible
body in this model, whereas it was simulated as a rigid body in [5].

The next case was the parachute opening, which was obtained
from Figs. 15 and 16 of [5]. This case begins when the parachute is
ejected from the back of the entry capsule and lasts for 3.0 s. A very
similar parachute inflation profile was generated (Fig. 11). The forces
acting on the parachute calculated by this model were compared with
those of [5] and are demonstrated in Fig. 12.

Table 3 Value of the parameters

Body Parameter Value Unit
Line Length L 10.00 m
Line Elastic coefficient k 4500.00 N/m
Line Dumping coefficient ¢ 45.00 N/(m/s)
Point ~ Mass 10.00 kg
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60

C. Typical HCADS

A more complex simulation was conducted for a typical HCADS,
which consisted of 10 parachutes and a payload weight of greater
than 7 t. More details about the HCADS can be found in [1]. The
entire deployment and inflation process after the cargo was extracted
from the airplane was too complicated to be simulated easily without
dividing the total process into several shorter stages and considering
them separately. Therefore, a two-stage dividing method was
employed in this study.
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Fig. 11 Comparison of the inflation profile of the parachute.

The first stage started from the time the cargo was extracted until
the sling bridles were stretched. During this period, the pilot
parachute deployed and subsequently lifted the deployment bags
containing the main parachutes away from the payload, and then the
riser and a pair of sling bridles were snatched orderly. The real system
and the topology are described in Figs. 13a and 13b, respectively, in
which the cargo is depicted as the first and second virtual bodies and
the third—fifth virtual bodies are the deployment bags, the confluence
fitting, and the pilot parachute.

The next stage starts from the time the main parachute deployment
bag opens and ends when the payload lands. First, four drogues and a
main suspension line will deploy. Then the main parachutes deploy
and inflate. Within this duration the payload experienced a large
oscillation. The real system and corresponding topology graphs are
displayed in Figs. 14a and 14b, respectively. The four main
parachutes are treated as four single bodies (fifth—eighth virtual

— Simulation |
—&— Reference

Force (10kN)

Tim.e (s)

Fig. 12 Comparison of the force acted on the parachute.

Fig. 13 Configuration of the first stage.
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Fig. 14 Configuration of the second stage.

bodies) and the four drogue parachutes are considered as a single
body (ninth virtual body) in Fig. 14b, because the total drag force of
the drogues is less than 5% of that of the main parachute cluster.
Additionally, the cargo is depicted as the first and second virtual
bodies, and the third and fourth virtual bodies are the confluence
fitting and the confluence point of the main parachutes.

The airdrop tests for a typical HCADS were conducted by an I1-76
aircraft flying at a nominal altitude about 600 m above ground level
and with a nominal airspeed of 320-380 km/h. The simulations
were conducted according to the test condition, and the trajectories of
the mass center of each component and the attitude of the cargo are
shown in Figs. 15-17. The coefficients in Eq. (24) required to
achieve the simulation were reconstructed from the test data. The
simulated trajectories of the mass center of the four main chutes were
identical before inflation, because they were close together during
deployment and then separated and diverged after inflation. The
oscillation of the cargo around the Z axis is large at first, but dampens
out, and the platform becomes stable. But the rotation around the ¥
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axis is not attenuated or damped, which was observed in the tests
as well.

The duration of the deployment and inflation process of each
parachute is given in Fig. 18, in which the first to fourth phases are the
deployment and inflation times of the pilot and drogue, respectively,
and the fifth is the deployment time of the main parachute.

Figure 19 shows the instant of the key time stamps appearing in the
airdrop process after the cargo cleared the ramp of the aircraft floor.
In this figure, the stamps represented the instants when the pilot
parachute stretched and inflated as well as when the main parachutes
began to deploy and stretched. As shown by these two graphs, the
simulation results were just in the range of the fluctuation of the three
sets of test data.

Although the validation of the algorithm described in this paper is
still ongoing, the preceding results give confidence that this
algorithm could be a useful and universal tool to predict and simulate
many types of parachute-payload systems.

VI. Conclusions

A novel algorithm based on the dynamics of a multibody system
and Kane equation to simulate the parachute systems was presented
and validated. This model can be used not only for preflight
predictions but also for parachute system design. The model has been
successfully used for a range of simulations to analyze various
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parachute systems, including the heavy-cargo airdrop system, the
Shenzhou spacecraft recovery system, a paratrooper system, and an
airdrop system of a manned cabin. However, the model needs further
validation and verification. This will be our future direction. In
addition, there were some conditions in which the point masses may
be very small compared with the payload because of the point-mass
assumption used to simplify the confluence point. Such an
assumption may result in numerical stiffness during the solving
process. To overcome these flaws, a smaller calculation step length
or implicit methods may be required to keep the stability of the
integration progress. It is affordable and acceptable in the offline
simulation of such parachute systems.
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