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In this paper, the multibody parachute-payload system is simplified and analyzed. A six-degree-of-freedom rigid body flight
dynamic model is established to calculate the flight trajectory, attitude, velocity, and drop point of the parachute-payload
system. Secondly, the random interference factors that may be encountered in the actual airdrop test of the parachute system are
analyzed. According to the distribution law of the interference factors, they are introduced into the flight dynamic model. The
Monte Carlo method is used to simulate the target and predict the flight trajectory and landing point distribution of the
parachute system. The simulation results can provide technical support and theoretical basis for the parachute airdrop test.
Finally, the genetic algorithm is used to identify the aerodynamic parameters of the large-scale Disk-Gap-Band parachute. The
simulation results are in good agreement with the test results, which shows that the research method proposed in this paper can
be applied to study practical engineering problems.

1. Introduction

Because of its high deceleration efficiency and reliability, a
parachute is an important decelerator in the recovery system
[1], which is widely used in spacecraft return, Mars probe
landing, and other missions [2]. Flexible parachutes are
vulnerable to the complex and varied external environment
during the recovery process. Therefore, it is necessary to
thoroughly study the performance of the parachute system
under various possible conditions in order to ensure the high
reliability and high safety requirements of the aerospace engi-
neering tasks [3].

Common methods for studying the performance of
parachute systems include wind tunnel test, airdrop test,
and computer simulation [4]. There are many limitations in
wind tunnel test methods, which are mainly manifested in
the small size of the wind tunnel, the high pressure, and the
density of the test airflow. The parachute with scale model
cannot guarantee the similarity of geometry and stiffness
for a real parachute system. Therefore, accurate parachute
parameters required for engineering development cannot be
obtained by wind tunnel testing alone. Airdrop test methods

can obtain some parachute performance parameters more
accurately. However, their shortcomings are high test cost,
long cycle, and limited numbers of tests, and they are subject
to meteorological conditions. So, it is difficult to examine the
characteristics of the system under various extreme condi-
tions. Moreover, the installation difficulty of the measuring
equipment makes it impossible to measure some important
parachute system parameters. The working process of the
parachute system is greatly affected by random environmen-
tal factors. It is difficult to comprehensively evaluate the
performance of the parachute system only through test
methods. However, the simulation method can make up for
the deficiencies of the experimental methods. It is of great
significance for improving the design level, reducing the
numbers of tests, shortening the development cycle, saving
design cost, and ensuring the safety of airdrop [5].

In this paper, a general trajectory simulation model of the
parachute system airdrop test with random interference
factors is established, and various deviation factors that
may occur in the actual test are analyzed. A sufficient number
of simulation target practices with the Monte Carlo method
were carried out to check the strength of the parachute and
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to verify the accuracy and dispersion of the random fall
points. Therefore, it can provide experimental gist for
improving the precision of airdrop, reducing the dispersion
of the fall point, and correcting flight trajectory. On the other
hand, measurable information for large parachutes is scarce,
and their aerodynamic coefficients are difficult to obtain.
Therefore, based on the actual airdrop test, the genetic algo-
rithm is used to identify the aerodynamic parameters of
large-scale Disk-Gap-Band parachute. This identification
method can be used to study practical problems in
engineering.

2. Modeling

2.1. Parachute-Payload System Dynamic Model. Before
establishing a six-degree-of-freedom trajectory model of the
parachute-payload system, the following assumptions are
made:

The parachute-payload system is composed of parachute
and payload body which are rigidly connected. The aerody-
namic force of the parachute is at the geometric center of
the parachute canopy. The drag area of the main parachute
increases with time and is a function of time [6]. Ignoring
the inflation process of the guide parachute, only the aerody-
namic parameter identification of the test parachute is
considered.

Figure 1 is a schematic diagram of a parachute-payload
system, in which the parachute body coordinate system and
the geodetic coordinate system are defined. The parachute
coordinate system is oxyz, where the origin o is the geometric
center of the parachute canopy, namely, the aerodynamic
pressure center of the parachute. PointC is the center of mass
of the parachute-payload system, and the distance from coor-
dinate origin o to point C isXg. The origin Od of the geodetic
coordinate system coincides with the projection point of the
center of mass of the projectile at the initial time on the local
horizontal plane. The OdYd axis is vertically upward. The
OdXd and OdZd axes are in the local horizontal plane, point-
ing north and east, respectively.

2.2. Dynamic Equation. Using the Lagrangian method, the
basic equations of motion of the parachute-payload system

can be obtained. The general form is as follows:
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The above formulas are also known as the Kirchhoff
equation, where T is the kinetic energy of the system, F and
M are the external forces and moments acting on the para-
chute system, respectively, and V and Ω, respectively, are
the system velocity and the angular velocity vector. In the
body coordinate system of the parachute system, formulas
(1) and (2) are composed of the following forms, where
(vx, vy, vz) and (ωx, ωy , ωz) are the components of the veloc-
ity and angular velocity of the parachute system on each axis
of its body coordinate system, respectively, [Ixx , Iyy, Izz] is the
rotational inertia of the parachute system on each axis, andm
is the total mass of the system.
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Figure 1: Coordinate system diagram.
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3. Method

3.1. Fall Point Prediction Method

3.1.1. Trajectory Deviation Factor. The parachute system is
susceptible to various random environmental factors during
its operation, which results in some state parameters of the
system deviation greatly from the design state. The extreme
conditions caused by these deviations can maximize the peak
opening force and dynamic pressure. Peak opening force is
one of the important indexes to ensure the safety and reli-
ability of the parachute system. It directly affects whether
the parachute system can be opened normally or not and
is related to the success or failure of the whole recovery
mission [7].

Because the airdrop process includes many stages and
involves many influencing factors, it is necessary to establish
a multistage simulation model for analysis [8]. According to
the airdrop test procedure, the airdrop process is simplified
to several stages as shown in Figure 2.

Due to the influence of various random factors, various
deviations may occur in the design parameters of the system.
These deviations will cause the deviation of trajectory, thus
affecting the landing position of the projectile. The distur-
bance factors include initial condition deviation, experimen-
tal model deviation, control parameter deviation, parachute
drag area deviation, and wind influence. The deviation of ini-
tial conditions is composed of throwing speed and height
error. Experimental model deviations include mass, inertia,
and centroid bias. Control time and dynamic pressure errors
are contained in the parachute control condition deviation.
Parachute drag area deviation involves the drag area devia-
tion of the guided parachute, test parachute, reefing main
parachute, and full inflation main parachute. For random
wind, it is assumed that the wind speed obeys normal distri-
bution and the wind direction is uniformly distributed in the
horizontal plane. Each interference factor in the simulation is
a random variable that follows a normal distribution. There-
fore, the standard normal distribution function randn can be
used to obtain random variable samples with normal distri-
bution in simulation.

3.1.2. Monte Carlo Method. Because of the large number of
interference models involved, it is difficult to directly obtain
the influence of the variation factors on the trajectory within
their deviation range by the analytical method.

Using the Monte Carlo method, the target test can be
simulated many times by computer simulation. Each simu-
lated target is considered as an actual airdrop test. The results
with good convergence can be obtained by the simulation
method, which provides a basis for the formulation of a test
scheme and system design.

The Monte Carlo method, also known as a random sim-
ulation method or random sampling method, is a classical
statistical test method. Its basic theory is the law of large
numbers and the central limit theorem [9]. According to
the law of large numbers, the accuracy of the evaluation
improves as the number of simulations increases [10, 11].
In parachute airdrop test trajectory simulation, it is usually
necessary to determine the standard values and deviations
of each random factor and then use the random number gen-
erator to generate the corresponding pseudorandom number
sequence. Then, it is substituted into the established parachute
system dynamic model for calculation. Finally, by statistical
processing of the calculated results, the relatively accurate
simulation results of disturbed trajectory and landing point
prediction can be obtained. Using the Monte Carlo method
to simulate target, the following steps can be taken [9]:

(1) Analyzing the dynamic characteristics of the
parachute-payload system and establishing the tra-
jectory simulation mathematical model of the para-
chute system

(2) Determining all kinds of random deviations and
random interference factors in the process of an air-
drop. The pseudorandom number sequence of each
random variable is generated according to the distri-
bution type and statistical characteristics of random
factors

(3) The Monte Carlo method is realized by using
MATLAB programming. The sampling values of
random variables are substituted into the dynamic
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Figure 2: Airdrop process.
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Figure 3: Three-dimensional trajectory curve.
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Figure 4: Longitudinal plane trajectory curve.
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Figure 5: Speed-time diagram.
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model of the parachute system. A trajectory curve
and a landing coordinate can be obtained by running
the program once

(4) According to the required number of tests, the pro-
gram is cyclically run n times so as to obtain sampling
simulation of random trajectory parameters, that is,
simulated target

(5) The simulation results are statistically processed, and
the mean and variance of the distance between each
fall point and the ideal undisturbed landing point
are calculated to evaluate the scattering of the falling
point

3.2. Parameter Identification Method. Dynamic parameter
identification is essentially a complex nonlinear constraint
optimization problem. If the traditional optimization algo-
rithm is used to solve, it will involve a series of problems,
such as the gradient calculation of the function and the selec-
tion of the initial value of the iteration. In addition, the large-
scale Disk-Gap-Band parachute used for Mars exploration
has almost no measurable data, and its explicit identification
equation is difficult to establish. As a nondeterministic quasi-
natural algorithm, a genetic algorithm is an effective method
to solve such optimization problems. It is a global heuristic
optimization algorithm with adaptive probability search
and low sensitivity to initial values. Because of its advantages
such as simplicity, easy operation, and strong robustness, it
has been widely used in aerodynamic parameter identifica-
tion of various aircraft. In this paper, it is applied to the iden-
tification of the aerodynamic parameters of the large-scale
Disk-Gap-Band parachute, which solves the problem that
the aerodynamic force of the parachute is difficult to
calculate.

The genetic algorithm is an iterative algorithm. It has a
set of solutions at each iteration. This set of solutions is ini-
tially randomly generated. At each iteration, a new set of
solutions is generated by genetic operations that simulate
evolution and inheritance. Each solution is evaluated by an

objective function, and one iteration becomes a generation.
Typical algorithm steps are as follows:

(1) Initialize the population

(2) Calculate the fitness of each individual in the
population

(3) Select individuals who will enter the next generation
according to a certain rule determined by the individ-
ual fitness value

(4) Cross operation according to probability pc

(5) Perform mutation operation according to probability
pm

(6) If some stopping conditions are not met, go to (2),
otherwise, go to the next step
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(7) Output the chromosome with the best fitness in the
population as a satisfactory or optimal solution to
the problem

4. Simulation Results

4.1. Fall Point Prediction Results

4.1.1. Ideal Trajectory. In this paper, the airdrop test of a pro-
jectile with Disk-Gap-Band parachute is taken as an example
to simulate. The projectile is a cone-shaped head with a cen-
tral cylindrical section and a cross-shaped wing at the tail.
The aerodynamic data are obtained by CFD numerical simu-
lation [12]. Given each characteristic parameter and a set of

standard launching conditions, the disturbance factors are
set to zero to simulate, and the states of the parachute are cal-
culated (or obtained) by solving the differential equations of
motion. The ideal trajectory curve of the parachute-payload
system and the relationship between the velocity, height,
pitching angle, and trajectory inclination with time are
obtained, as shown in the following figures.

As can be seen from Figures 3 and 4, the deviation of the
ideal windless trajectory in the lateral distance (Z direction)
is very small and can be neglected, so it can be considered
as a two-dimensional trajectory in the longitudinal symmetry
plane. Figures 5 and 6 are graphs of the speed and height
changes with time during descent, respectively. From the
pitch angle curve (Figure 7), it can be seen that the pitch
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attitude of the projectile changes more dramatically when the
parachute is full, because the effect of the parachute on the
projectile is equivalent to applying a drag on the projectile’s
tail, thereby increasing the pitch moment of the projectile.
The parachute opening process has a great influence on the
attitude change of the projectile; but with the parachute
opening, the influence decreases gradually. Throughout the

process, the pitching attitudes of the projectile change from
horizontal to near to vertical direction as shown in Figure 8.

4.1.2. Disturbed Trajectory. The random disturbance value of
each deviation factor is added to the ideal trajectory for sim-
ulation. The simulation result of each trajectory is equivalent
to the actual trajectory of the airdrop test. After 1000
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Figure 10: Fall point longitudinal coordinate normality test.
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simulations were repeated, the scattering map of the fall
points is obtained as shown in Figure 9. The horizontal and
vertical coordinates of each fall point are statistically com-
pared with the ideal fall point to get the scattering rule of
the fall point. As can be seen from the figure, the maximum
vertical scattering does not exceed 3000 meters, and the max-
imum lateral scattering does not exceed 400 meters. The sim-
ulation trajectory landing points are evenly distributed
around the ideal trajectory landing point.

The estimated value of the circular error probability
(CEP) after 1000 simulated targets was calculated as CEP =
779:0536m.

The longitudinal (x-axis) position circular error proba-
bility of the simulated fall points is CEP = 794:5499m. The
mean value of the longitudinal deviation Δx between the sim-
ulated trajectory landing points and the ideal landing point is
300m, and the mean square error is 1084m. The normal dis-
tribution of the longitudinal coordinates X of the falling
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Figure 12: Deviation of landing distance.
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points is tested, and the results are shown in Figure 10. It can
be seen that the longitudinal positions of the falling points
conform to the normal distribution well.

The lateral (z-axis) position circular error probability of
the simulated fall points isCEP = 115:2857m. The mean value
of the lateral deviation Δz between the simulated trajectory
landing points and the ideal landing point is 3m, and the
mean square error is 153m. The normal distribution of the lat-
eral coordinates Z of the falling points is tested, and the results
are shown in Figure 11. It can be seen that the lateral positions
of the falling points conform to the normal distribution well.

Calculating the deviation between the falling points of
each simulation and the ideal falling point and plot the

falling-point deviations of 1000 simulations on the same
picture are plotted as shown in Figure 12.

It can be seen from Figure 12 that the distance deviations
between the simulated falling points and the ideal falling
point are mainly concentrated within 500 meters, the maxi-
mum deviation is about 2000 meters, the average value of
the distances is 892.5002m, and the standard deviation is
641.1984m. The normality test is performed on the falling-
point deviations, as shown in Figure 13, and it can be seen
that the deviations of the landing points are in good agree-
ment with the normal distribution law.

As mentioned above, the ejection condition of the test
parachute is that the dynamic pressure reaches a fixed value,
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and the flight angle of attack of the parachute system affects
the measurement of the dynamic pressure by the pitot tube.
Therefore, it is necessary to check the distribution of the
flight angle of attack of the parachute system when it reaches
the dynamic pressure of the ejection. Figure 14 is the angle of
attack distribution histogram when dynamic pressure is
750Pa measured by the pitot tube.

It can be seen from the figure that in about 90% of 1000
simulations, the angle of attack at the time of the test para-
chute ejection is less than 20°. In rare cases, the angle of attack
is even greater than 80°. If the angle of attack is too large, the
pitot tube measurement may not be accurate, so the
parachute-payload system model needs to be further
improved.

4.2. Parameter Identification Results. The aerodynamic
parameter identification of parachute is to estimate the aero-
dynamic coefficient of the parachute by establishing the sys-
tem mathematical model based on the test data obtained
from the airdrop test. In this paper, based on the above
dynamic model, the parameters of test parachute are identi-
fied by stages based on a genetic algorithm [13].

4.2.1. Steady Descent Stage. During the steady descent stage,
the test parachute is fully opened. For simplicity, assuming
that its drag coefficient is a constant, written as

CT = const = p 1ð Þ, ð4Þ

where CT is the drag coefficient and pð1Þ is the parameter to
be identified. The initial parameters of the genetic algorithm
are set as follows: the population size is 100, the generation
number is 100, the crossover probability is 0.7, and the muta-

tion probability is 0.001. Taking the Y-direction velocity as
the observation measurement, the identification result is

CT = p 1ð Þ = 0:7616: ð5Þ

The identification result is substituted into the program
for simulation, and comparing it with the test data, as shown
in Figure 15.

It can be seen from Figure 15 that the simulation results in
a steady descent stage are basically consistent with the test
data, which can verify that the identification model is accurate.
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4.2.2. Test Parachute Inflation Stage. During inflation, the
aerodynamic coefficient of the test parachute is expressed as
static aerodynamic coefficient multiplied by an inflation fac-
tor KI , which is written as [14]

KI = p 2ð Þ × t − tLS
tFI − tLS

� �p 3ð Þ
: ð6Þ

In the formula, tLS is the moment of rope straightening,
tFI is the moment of full inflation, and pð2Þ and pð3Þ are
the parameters to be identified. Taking the pull of rear cabin
as the observation measurement, the identification result is

p 2ð Þ = 1:191,
p 3ð Þ = 4:393:

ð7Þ

The identification result is substituted into the program
for simulation, and comparing it with the test data, as shown
in Figure 16.

It can be seen from Figure 16 that the simulation results
of aerodynamic force in the inflation stage are basically con-
sistent with the test, which proves that the identified inflation
factor has a reference value.

4.2.3. Unloading Stage. During the unloading stage, the pro-
jectile nose suddenly separated from the rear cabin, and the
load weight of the test parachute decreased momentarily,
which caused the drag coefficient of the test parachute to sud-
denly decrease and then gradually recover. The aerodynamic
coefficient in this process is expressed as the static aerody-
namic coefficient multiplied by an unloading factor Koff and
written as

Koff = 1 − 1 − p 4ð Þð Þe− t−tsepð Þ/p 5ð Þ, ð8Þ

where tsep is the separation time and pð4Þ and pð5Þ are the
parameters to be identified. Taking the pull of rear cabin as the
observation measurement, the identification result is

p 4ð Þ = 0:747,
p 5ð Þ = 1:093:

ð9Þ

The identification result is substituted into the program
for simulation, and comparing it with the test data, as shown
in Figure 17.

It can be seen from Figure 17 that the unloading stage
lasted for about 2 seconds, and the simulation results of the
pull are basically consistent with the test data.

The five parameters identified above were used to simu-
late the entire process of the test parachute from ejection to
unloading, and compared with the test data, the results are
as shown in Figures 18 and 19.

As can be seen from Figures 18 and 19, the simulation
results agree well with the experimental data, which verifies
the accuracy of the identification results.

5. Conclusion

(1) Based on the simplified analysis of the multibody
parachute-payload system, a six-degree-of-freedom
rigid body flight dynamic model and a landing-
point calculation model are established. These
models can satisfy the requirements of solving the
trajectory, attitude, velocity, and landing-point dis-
persion of the multibody parachute-payload system
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(2) Aerodynamic data of the parachute-payload system
are obtained by CFD numerical simulation. Random
interference factors of the parachute-payload system
in an airdrop test are synthetically analyzed. Based
on the MATLAB simulation tool and Monte Carlo
method, a method of flight trajectory simulation and
model construction under interference effect is pro-
posed, which can effectively solve the dispersion of
landing point under effects of various deviation factors

(3) The numerical simulation method of parachute-
payload system flight trajectory proposed in this
paper can provide simulation means for the research
and verification of parachute-payload system flight
trajectory and precise landing at expected points. It
also has reference significance for general parachute
airdrop technology and multibody parachute system
simulation

(4) A method for identifying aerodynamic coefficients of
large Disk-Gap-Band parachute based on a genetic
algorithm is proposed. This method can estimate
the aerodynamic parameters of the parachute based
on the airdrop test data and solves the problem that
the aerodynamic force of the parachute is difficult
to calculate. This identification model can solve the
complex problem of fluid-structure coupling calcula-
tion and can be used in engineering practice

Nomenclature

T : Kinetic energy
F: External forces
M: External moments
x, y, z: Components of the position

vx, vy, vz : Components of the velocity
ωx, ωy, ωz : Components of the angular velocity
Ixx, Iyy, Izz : Rotational inertia
α: Additional mass
m: Total mass
CEP: Circular error probability.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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