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Abstract: In order to better study the dynamic characteristics
and the control strategy of parafoil systems, considering the
effect of flap deflection as the control mechanism and
regarding the parafoil and the payload as a rigid body, a six
degrees-of-freedom ( DOF) dynamic model of a parafoil
system including three DOF for translational motion and three
DOF for rotational motion, is established according to the
Kirchhoff motion equation. Since the flexible winged parafoil
system flying at low altitude is more susceptible to winds, the
motion characteristics of the parafoil system with and without
winds are simulated and analyzed. Furthermore, the airdrop
test is used to further verify the model. The comparison results
show that the simulation trajectory roughly overlaps with the
actual flight track. The horizontal velocity of the simulation
model is in good accordance with the airdrop test, with a
deviation less than 0. 5 m/s,
velocity fluctuates slightly under the influence of the wind,
and shows a similar trend to the airdrop test. It is concluded
that the established model can well describe the characteristics
of the parafoil system.
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while its simulated vertical

he parafoil system is a type of flexible wing vehi-
T cle, which is made up of a ram-air parafoil canopy
and a payload. It is a type of precision aerial delivery
system with superior pneumatic performance, excellent
gliding ability and easy handling property. It now has
been widely used in military, aerospace and civil fields
due to its excellent properties''’. To study the parafoil
system, the first task is to explore its basic movement
characteristics. Mathematical models of parafoil systems
obtained by theoretical analysis can be used for studying
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its stability and flight performance as well as the design
and validation of GNC algorithms"*™ .

In recent decades, researchers have done much explora-
tion of dynamic modeling of parafoil systems. One of the
first models was studied by Goodrick'' who developed a
six DOF model to analyze the response to manual and au-
tomatic control inputs in 1979. Tacomini and Cerimele"”
explored the lateral and longitudinal aerodynamics for
large-scale parafoils from the flight test data of NASA’s
X-38 parafoil program. Zhang et al.'” and Tao et al."”
used a three DOF motion model of parafoil systems for
planning optimal homing trajectories. Barrows' mainly
focused on the calculations of the apparent mass of
parafoils, and presented dynamic equations including
nonlinear terms of a six DOF model. Xiong'”' and Jiao et
al."” also established a six DOF model for trajectory de-
sign and homing control. Considering the relative pitch
and yaw motion between the parafoil and the payload,
Slegers et al.”"'™
ments between the payload and parafoil at the joining to
establish an eight DOF model of parafoil systems.
Prakash and Ananthkrishnan'® and Yu"”' set up a nine

applied the concept of coupling of mo-

DOF dynamic model of parafoil-payload systems, which
includes six DOF for the parafoil canopy and the payload,
as well as three DOF for the translational motion of the
confluence point of the lines.

With the existence of flap deflection in turning and
flare landing, aerodynamic performances of the parafoil
system greatly differ from the sliding stage, the calcula-
tion of which is ignored by most of the existing dynamic
models. Flying in a complicated environment, the
parafoil system may encounter a sudden gust, which may
cause severe impact on its aerodynamic performance, af-
fecting the desired trajectory, even leading to stall. How-
ever, the study of the wind field is relatively limited at
present. In this paper, considering the effect of flap de-
flection, a dynamic model of the parafoil system is estab-
lished based on the Kirchhoff motion equation. The basic
motion characteristics of the parafoil system and effects of
winds on its aerodynamics performance are simulated and
analyzed. The results of simulation and airdrop experi-
ments verify the established dynamic model of the
parafoil system.



417

-1

Eongltudmal H
ymmetry plane/

Dynamic modeling of a parafoil system considering flap deflection

1 Geometric Parameters and Related Coordi-

nate Frames
1.1 Geometric parameters

The schematics of parafoils are shown in Fig. 1
1 are described as follows:

. The
c

corresponding parameters
denotes the length of horizontal projection along the
chord; b denotes the length of horizontal projection along
the span; e denotes the maximum distance from the upper
chord line to the lower chord line along the span; % de-
notes the distance from the circular arc vertex to the line of
two end-points; r denotes the distance from Q to the cano-
py; O denotes half of the central angle of the circular arc
canopy. Assuming that Q is the circle center of the circular
arc canopy, four important points P, R, O and Q are col-
linear. P denotes the pitch center; R denotes the roll cen-
ter; and O denotes the mass center of the parafoil system.

0

(b)
. (a) The front

o

()
The schematics of the parafoil canopy

Fig. 1

view; (b) The side view

1.2 Related coordinate frames

9,14
frames' '

be made to facilitate analysis

In order to facilitate analysis, three main coordinate
, as shown in Fig. 2, are established and de-

1
—
Fig.2 The schematics of the related coordinate frames

2 Dynamic Model of Parafoil System

2.1 Motion equations of parafoil system
Before modeling, three reasonable hypotheses should

- [9-10]

1) After the canopy has been inflated completely, its aer-

odynamic configuration keeps fixed without maneuvering

2) The parafoil and payload are regarded as a rigid
body, and the mass center of the canopy overlaps the aer-

odynamic pressure center

3) The payload is regarded as a revolutionary body,
such that the lift of the payload is ignored and only its
aerodynamic drag force is considered

The dynamic equations of the parafoil system can be

obtained by the momentum and angular momentum theo-

rem. Considering the fact that the parafoil canopy is made

of flexible fabric, the apparent mass must be taken into

account and the calculating method was given in Ref.
[8]. The quantity of apparent mass is associated with
motion directions. However, the traditional rigid body
dynamic equations often obscure the changes of the appar-
ent mass under different coordinate frames, which may
lead to incorrect results'®'. Accordingly, the Kirchhoff
motion equation is applied to describe the dynamic equa-

scribed as follows:

1) Inertial coordinate frame. A fixed point O, in space
is chosen as an inertial coordinate origin. The axis O,z, is
vertically downward, and O, x, is located in the horizontal
plane and points to the initial motion direction. O, x, is
perpendicular to the plane O

2) Body coordinate frame. The origin O, of the body
coordinate frame is the mass center of the parafoil system.

The axis O, z, is located in the longitudinal symmetry plane

b
of the canopy and points to C. The axis O, x, is perpendic-

ular to the plane and points to the left side of the canopy
The axis Ox is perpendicular to the plane O, x,z,.

3) Wind coordinate frame. The pressure center of the
canopy is taken as the origin O, of the wind coordinate
frame. The direction of axis O, x, is the same as that of

tions of a parafoil system.
The momentum P, and angular momentum H, caused

(1)

by the real mass are expressed as
(2)

P =mYV
H =JW

where V= (u, v, w)" denotes the velocity vector; W =

(p, q, r) represents the angular velocity vector; m, de-
and J_ denotes the momentum of the

notes the real mass;

inertia of the real mass.
The corresponding matrix form of Eqgs. (1) and (2)

can be rewritten as

wind. The axis Oz, is located in the longitudinal symme-

try plane and points to the lower wing surface. The axis

O x, and the other two axes constitute a right-handed co- P - P, - m 0“3 [ ] —A [ ] (3)
COLH ] [0, w w

ordinate frame.
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where A, denotes the inertia matrix of real mass.
The momentum P, and angular momentum H_ caused
by the apparent mass can be calculated as

HRIME

[ Ma _Ma(Ll:O+Ll:R Sz)][ V]
( 5;2 l;;; + l;ﬁi)) 1‘4; ‘I; ‘J/
(4)

where A, denotes the inertia matrix of apparent mass; M,
denotes the apparent mass; J, denotes the momentum of
the inertia of the apparent mass; S, denotes a choice ma-

trix; Lyo = (X, Yro» Zro) denotes the vector from R to

0 ~Zro  “*ro
O, and L, is defined as L}, =| Zgo 0 - Xgo |-
~Xro  Xro 0

The total momentum P, and the total angular momen-
tum H of the whole system in Oxyz can be expressed as

HRME

According to the Kirchhoff motion equation, the motion
equations of a parafoil system are expressed as

Z] =[A,+Aa][v‘;] (5)

oP . .
atT+WXPT:Pa+Pr+WXP1_+WXP,:Fm+FCX (6)
é)IEI'T X X 9 9 X X

ot +WH +V;P.=H +H +WH +V'P, +

W*H +V*P, =M,

aero

+Mex (7)

where F and M denote the force and the moment, respec-
tively; the subscript aero denotes aerodynamic forces as-
sociated with the traditional aerodynamic coefficient and
static derivative, and the subscript ex denotes the external
force except for the the aerodynamic force, but for
parafoil systems, the only external force is gravity.

F_.,F. , M, and M_ in Egs. (6) and (7) can be writ-
ten as

F oy = F ooy # Fror + F oo (8)

F,=F;,+Fg, (9)

M,=M, ., + M, + M, (10)

(1)

where the subscript G denotes gravity; the subscripts p, 1
and f denotes the canopy, the payload and the flap, re-
spectively.

Furthermore, Eqs. (6) and (7) can be rewritten as

P, +P =F, +F, _-W*'P,-W*P, (12)

lvl;x = 1"2},p + 1‘4'G.l

H +H =M, +M, -W*H,-V*P,-W*H,-V”"P,
(13)

Define
F .,=-W'P=-WmV (14)

Fa.n] =~ WxPr =~ WXMa(V_(Ll:O +Ll;<R SZ)W)
(15)
Mr,nl =~ WXH; _VXPr = - WXJ‘.W—merV:
-WJ W (16)
M,,=-WH,-V*P, =
W*(S,L, + L, )M,V -W*J W +
VM, (L, +Ly, S,)W (17)

where subscript nl denotes the nonlinear force and moment.
Then, the dynamic model of the parafoil system can be
expressed as
F,, +F, +F ,+F,,
¥

[“;7] =l4,+4.] ) +M +M,  +M,

aero

2.2 Aerodynamic force and moment of parafoil

It is clear that the calculation of the aerodynamics of
the parafoil is a key step in the modeling progress. Aero-
dynamic forces acting on the canopy consist of the lift and
drag forces of the canopy, and the lift and drag forces of
flaps.

2.2.1 Aerodynamic force and moment of canopy

Since the airflow velocity and the angle of attack along
the span-wise change dramatically in the progress of turn-
ing, and the lift force takes an elliptical distribution in
span-wise, therefore, the segmentation method presented
by Ref. [4] is used to calculate the aerodynamic forces
acting on the canopy. The canopy is divided into eight
distributed segments geometrically along the span-wise di-
rection, as shown in Fig. 3. The lift coefficient of each
segment from outside to inside in turn is multiplied by the
factor k,.

Fig.3 The front view of segmentation

The aerodynamic forces of the i-th segment can be ob-
tained by

F, =kC,0.5p8, /il +wi [w, O
Fy = - Cp0.508, /ul +vi +wi[u, v, w]' (20)

where the subscript i =1, 2, ..., 8 denotes the serial num-
ber of segments; C denotes the aerodynamic coefficient,

-u,]" (19)
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the subscript L and D denote the lift and drag coeffi-
cients, respectively; p denotes the density of air; S, de-
notes the area of the i-th segment; u,, v, and w, denote
the velocity vector components of each segment in the i-th
coordinate frame.

and moment M, of

aero, p aero, p

canopy with respect to the mass center O are expressed as

The total aerodynamic force F

8
Faem,p = 2 Ti-()(FL, +FD,) (21)
i=1

8
Maero.p = Z L(; Ti-O(FL, +FD,) (22)
i=1

where T, , denotes the transformation from the local coor-
dinate frame of the i-th segment to the body coordinate
frame, and can be achieved by rotating vy, around the axis
x;; L; is defined as same as Ly, in Eq. (4).
2.2.2 Aerodynamic force and moment of flaps
For parafoil systems, flight control is achieved by
changing the length of steering lines connected to the out-
board side and the rear of the canopy. Pulling down steer-
ing lines leads to complex changes in the shape and orien-
tation of the lifting surface. The downward bending of the
trailing edge forms the flaps and flap deflection angle.
The aerodynamic forces of flaps are expressed as

F, =k.C,0.508./u; +w; [w; O

F, = - C,0.5pS;

—u " (23)

ve wi] (24)

2 2 2
u; + Vi +wy [ U
The total aerodynamic force and moment are expressed as

F T, ,(F+F,)+T,,(F_+F,) (25)

aero, f

M =L, T, ,(F_+F,)+L, T, ,(F_+F,) (26)

aero, f

where the subscript fr and fl denote the right and left flap,
respectively; the transformation matrix 7', , and T, are
defined as same as T ,; L, and L, are defined similarly

to L, in Eq. (22).
3 Numerical Simulation Analysis

The simulation experiments are conducted based on a
certain type of parafoil systems and physical parameters
are listed in Tab. 1.

Tab.1 Physical parameters of the parafoil system

Parameters Values
b/m 6.2
¢/m 3.6
Area of canopy/m? 21.0
r/m 4.0
Rigging angle/(°) 10
Mass of canopy/kg 20
Mass of payload/kg 80
Characteristic area of payload/m? 0.5
Characteristic area of flap/m? 0.88

The initial values of the model are set as follows:
tial position (x, y, z) =(0, 0, 2 000 m); initial velocity
(u, v, w) =(15.9 m/s, 0, 2.1 m/s); and initial angu-

ini-

lar velocity (p, g, r) =(0, 0, 0).
3.1 Simulations of motion performances

According to the different manipulations of the parafoil
system, there are three basic motion patterns, including
glide without manipulation, turn with unilateral deflection,
and deceleration or flare landing with bilateral deflection.
3.1.1 Gliding

The parafoil system glides with no manipulation. The
corresponding motion characteristics are shown in Fig. 4.
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Fig.4  Simulation results of glide. (a) Trajectory in the horizon-
tal plane; (b) Trajectory in 3D space; (c¢) Velocities and gliding ratio;
(d) Euler angles
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It can be seen that the vehicle glides steadily with the ve-
locity in the x direction (v,) of 13.9 m/s, the velocity in
the z direction (v,) of 4.5 m/s and the pitch angle of
6.9°. There are no yaw or roll motion in the gliding pro-
gress, and thus, the velocity in the y direction (v,) is 0,
and the forward velocity (v.) and the resultant velocity
(vg) are also 0. The gliding ratio (f) of the parafoil sys-
tem stabilizes at 3, and the trajectories both in the hori-
zontal plane and 3D space are straight lines.

3.1.2 Turning under unilateral deflection

The parafoil system turns under the condition of unilat-
eral deflection. The working condition is set as follows:
After 37.5 s, the left steering line is pulled down by
20% , and the corresponding flap deflection angle is 7°.
With the deflection of the left flap on the left side of the
parafoil canopy, the lift and drag forces increase, as does
the resultant velocity of the parafoil system. Meanwhile,
the vehicle begins to produce roll and yaw motion trends,
and the pitch angle decreases to maintain the equilibrium
of forces. For the whole system, the lift and drag forces
lose, and the speed of the system eventually increases.

For analysis of motion characteristics, the velocities,
gliding ratio, horizontal trajectory, 3D trajectory and Eul-
er angles of the parafoil system are drawn in Fig. 5.

It can be seen from Fig.5 that with unilateral deflection
20% , the horizontal trajectory is a circle with radius 94. 8
m and the 3D trajectory is a downward spiral. Velocities v,
and v, show a sine wave with a period of 156 s. The verti-
cal velocity almost remains unchanged, and so do the for-
ward velocity and resultant velocity. The gliding ratio sta-
bilizes at 2. 8. After deflecting, the vehicle shows a con-
tinuous yaw trend, while its pitch angle decreases from —
8° to —-10°, and its roll angle increases from O to 9°.

The magnitude of unilateral deflection is usually limited
within a certain range, so as to avoid damaging the holis-
tic stability of the system. Typically, when the unilateral
deflection approaches 40% , the corresponding flap de-
flection angle is approximately 15°, the parafoil system
will be in stall, in which the manipulation will worsen,
and altitude will be lost quickly. As shown in Fig. 6, ve-
locity v, increases rapidly to 16.5 m/s, the roll angle in-
creases to 37°, and the pitch angle reaches —49°. The
parafoil canopy probably collapses and the vehicle will
fall down within a very short time.

3.1.3 Flare landing

Flare landing, implemented in the final stages of land-
ing, is realized by pulling down the left and right steering
lines by 100% simultaneously and quickly, which can ef-
fectively reduce the velocity of landing and avoid the
damage of payloads in the landing progress. The working
condition is set as follows: After 37.5 s, when the vehicle
is in the stable state of gliding, both steering lines are
pulled down, and the corresponding flap deflection angle
is 75°. The motion characteristics are shown in Fig.7.

2501

2001

1501

1001

y/m

501

0 200 400 600 800
x/m

(a)

. S_l)

g
2
Q
=]
2
150
6001 -
K4
Yawangle
& 400F >
= ol
2 ,”
on o
Z 200F o
& Roll angle
‘I
0 = :
) Pitchangle )
0 50 100 150
Time/s

(d)
Fig.5 Simulation results of turning. (a) Trajectory in the hori-
zontal plane; (b) Trajectory in 3D space; (c) Velocities and gliding ra-
tio; (d) Euler angles

When deflecting the left and right flaps simultaneously,
the lift and drag coefficients of both sides increase; how-
ever, the resultant velocity of the parafoil system decrea-
ses rapidly and soon reaches a new equilibrium state. At
the same time, the system starts to show a pitch angle
trend, with the pitch angel increasing from -7° to —12°,
but with no roll or yaw motion.

It can be observed that when t =41.7 s, velocity v _de-
creases from 14.0 m/s to minimum 6.5 m/s; when ¢ =
40.2 s, velocity v, decreases from 5.0 m/s to minimum
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Fig.6  Simulation results of stall condition. (a) Trajectory in the
horizontal plane; (b) Trajectory in 3D space; (c) Velocities and gliding
ratio; (d) Euler angles

2.0 m/s; after that, velocities v, and v, increase slightly,
and finally the trend moves towards stabilization. The re-
sultant velocity reaches minimum 7.5 m/s at41.3 s. Veloc-
ity v, stabilizes at 7.8 m/s, and the resultant velocity sta-
bilizes at 9 m/s, which is lower than before. According-
ly, bilateral deflection can realize the effects of decelera-
tion, and if the time is chosen appropriately, the vehicle
will land softly, just as the resultant velocity reaches the
minimum.
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Fig.7  Simulation results of flare landing. (a) Trajectory in the
horizontal plane; (b) Trajectory in 3D space; (c¢) Velocities and gliding
ratio; (d) Euler angles

3.2 Simulations in windy conditions

Considering the fact that the parafoil system flying at a
low altitude is more susceptible to winds, the influences
of the transverse constant wind on gliding, turning and
flare landing are discussed below.

3.2.1 Gliding with winds

The working condition is set as follows: After 50 s,

when the system is in the stable state of gliding, the
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transverse constant wind with a speed of 5 m/s and direc-
tion along the y axis is added into the simulation environ-
ment. The results are shown in Fig. 8.
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Fig.8 Simulation results of gliding with winds. (a) Trajectory
in the horizontal plane; (b) Trajectory in 3D space; (c) Velocities and
gliding ratio; (d) Euler angles

It can be seen from Fig. 8 that influenced by the wind,
the horizontal trajectory is an inclined straight line, and
its slope is a constant value and corresponding to its yaw
angle. Velocities v, and v, remain unchanged, while the
ultimate y velocity is close to the wind speed, increasing

from O to 4.6 m/s. Thus, the resultant velocity increases
from 14.8 to 15.4 m/s, but the gliding ratio stays almost
unchanged. At the start time of the wind, there are large
fluctuations in the roll and yaw angles, but small changes
in pitch angles. After being stabilized, a steady yaw trend
is produced, and the yaw angle is less than 1.5°. It can
be seen that the parafoil system will drift with the wind,
and the velocity and direction of drifting depends on that
of the wind.

3.2.2 Turning with winds

The working condition is set as follows: After 37.5 s,
the left steering rope is pulled down by 20%, and then,
after 50 s, when the vehicle is in the stable gliding state,
the transverse constant wind with a speed of 5 m/s and
direction along y axis is added into the simulation envi-
ronment. The results are shown in Fig.9.

As shown in Fig.9, due to the influence of the wind,
the horizontal trajectory is an upward spiral curve. Veloc-
ities v, and v, significantly fluctuate as a sine function
curve. The z velocity sinusoidal fluctuates very slightly.
The resultant velocity fluctuates from 11.3 to 20.5 m/s.
The gliding ratio fluctuates from 1.7 to 3.6. From Fig.9
(d), roll and yaw angles fluctuate slightly as a sine func-
tion curve, and a continuous yaw trend is produced.
3.2.3 Flare landing with winds

The working conditions are set as follows: After 50 s,
the transverse constant winds with a speed of 5 m/s and
direction along x axis and negative x axis are added into
the simulation environment, respectively. After 75 s, as
the system gliding steadily in the wind field, both steer-
ing lines are pulled down by 100% simultaneously and
quickly. The simulation results are shown in Fig. 10.

We can see that if the direction of wind is along the x
axis, namely, the parafoil system flies against the wind,
the resultant velocity decreases to 1.5 m/s after imple-
menting flare landing; on the contrary, the resultant ve-
locity only decreases to 11. 3 m/s. Compared with the
simulation results in Fig. 7, it is clear that in the condi-
tion of upwind flare landing, the minimum velocity will
be more close to zero; whereas flare landing follows the
wind, the minimum velocity will be much larger. This
may further explain that flying against the wind is a nec-
essary condition for flare landing.

3.3 Airdrop experiment

The airdrop test is a meaningful and convincing way to
validate the dynamic model of parafoil systems. Our
group have developed a small guided airdrop system, the
specified parameters of which are the same as listed in
Tab. 1. To conduct the airdrop test, the parafoil system
was lifted up and released through a hot air balloon. The
basic information of the airdrop test is shown as follows:
The elevation of the airdrop ground is 90 m, the elevation
of the releasing site is 403 m, and the altitude loss of the
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Fig.9 Simulation results of turning with winds. (a) Trajectory
in the horizontal plane; (b) Trajectory in 3D space; (c) Velocities and
gliding ratio; (d) Euler angles

parachute-opening is 40 m. The working condition is set
as follows: The left steering line is pulled down by 50% .
Thus, the data collection height interval is 273 m and the
flight time is 105 s.

Location data collected by GPS module is in the form
of latitude and longitude, and after conversion and pro-
cessing, the results of the airdrop test are shown as the
solid lines in Figs. 11 and 12. As can be seen from the
horizontal trajectory, the parafoil system is affected by the
wind during the flight, and the wind direction and speed

. s—l)
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36 700 150
Time/s

(a)

. S-l)

Velocity/(m

150

Time/s
(b)
The variation of velocities. (a) x axis wind; (b) nega-

Fig. 10

tive x axis wind

vary with height. In order to achieve better cognition of
the landing area’s wind, we used LSM to estimate wind
speed and direction according to GPS positioning data,
and the details can be seen in Ref. [19]. On the basis of
wind identification results, we intercepted airdrop test da-
ta from 71 s to 100 s. During the time, the vehicle is
within 100 m from the ground; while the wind speed sta-
bilizes at that of 2 m/s, and the wind direction remains
stable at 160°. The parameters of the simulation model
are set the same as that of the actual parafoil system of the
airdrop test, and a similar wind is added into the simula-
ted environment. Simulation data during the same time
period is intercepted to compare with the airdrop test da-
ta, and the results are shown as the dotted lines in Figs.
11 and 12.

From the comparative results in Fig. 11, the simulation
horizontal trajectory roughly overlaps with the flight track
of the actual parafoil system, and local errors derive from
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Fig.12  Changing curves of velocities. (a) Changing curves of
horizontal velocity; (b) Changing curves of vertical velocity

the wind identification error and turbulences in the airdrop
environment. As shown in Fig. 12, the horizontal veloci-
ty of the simulation model is in good accordance with the
airdrop test, with a deviation less than 0.5 m/s, while
the vertical velocity of the parafoil system model fluctu-
ates slightly under the influence of the wind, and shows a
similar trend to the vertical velocity of the actual system.
Through the above analysis, the established model can
well describe the characteristics of the actual parafoil sys-
tem.

4 Conclusion

1) Regarding the parafoil and the payload as a rigid
connection, the six DOF nonlinear dynamic model of the
parafoil system including three DOF of translational mo-
tion with the mass center and the other three DOF of rota-
tional motion around the mass center, was given accord-
ing to the Kirchhoff motion equation.

2) Considering flap deflection as the control mecha-
nism, the modeling process of which was relatively sim-
ple. The basic motion characteristics of glide, turn flare
landing and their responses to transverse constant wind
were analyzed through simulations.

3) Airdrop experiments were conducted to verify the
model. The results show that the established model can
accurately characterize the dynamic performance of the
parafoil systems in windy conditions, which is of high
value in engineering applications.

However, this model still needs further improvement.
The relative motion between the parafoil and the payload,
the control mode of flap defection, and more realistic
wind field model should be considered and solved in the
future research.
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