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Abstract: Due to the problems of flexible parafoil systems that are susceptible to complex disturbances,
such as external wind fields and being difficult to control, it is necessary to study the path planning
and tracking control methods of parafoil under complex conditions. In this paper, the particle model
and dynamic model of the parafoil system are established, and the path planning method based on
the original natural (ON) principle coupled with meteorological interference, terrain avoidance, and
other environmental models is studied. Sliding mode control is introduced into the path tracking
control of the parafoil system, and tracking errors of the parafoil position and velocity are taken as
the design criteria for the sliding mode surface. The control law of the sliding mode controller is
derived. Through simulation comparison with other path planning and tracking control methods,
the methods designed in this paper can reflect better path planning and tracking performance. The
methods designed in this paper can effectively suppress the impact of external disturbances, improve
accuracy, and enhance robustness.

Keywords: flexible parafoil; complex conditions; path planning; original natural principle; tracking
control; sliding mode control

1. Introduction

As a new type of aircraft, the parafoil has the characteristics of high safety, simple
operation, and stability. The parafoil system improves the safety and accuracy of the
precision air drop, and makes up for the defects of the traditional circular parachute air
drop system that flutters with the wind and has an uncontrollable landing point. It is
an important part of the modern precision air drop system. The advanced precision air
drop system uses a parafoil as the reducer, which has good controllability, and can achieve
high altitude, long distance, and high-precision autonomous load delivery. It compensates
for the shortcomings of the traditional air drop method, such as poor precision, target
dispersion, and high risk, and greatly enhances the flexibility of air drop tasks.

The autonomous homing methods of the parafoil system mainly include simple hom-
ing, optimal control homing, and segmented homing. The segmented homing method has a
higher engineering application value for parafoil systems with special flight characteristics.
It is simple to implement and has higher stability and robustness. In view of the superior
performance and broad application prospects of the parafoil system, the research on the
parafoil system has not only urgent theoretical significance but also significant practical
application value. However, when the inertial flight of the parafoil system is relatively
stable, the control mechanism has poor sensitivity, a long time delay, and is more affected
by the wind and other external environments. The control process is affected by the thrust
and the external environment, which leads to local flexible deformation of the parachute
and forms more complex nonlinear dynamic characteristics and coupling effects; when
landing, it is required to achieve windward bird landing. All these put forward higher
requirements for its modeling, path planning, and control. Therefore, to accurately homing
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the parafoil, it is necessary to further study the dynamic model, homing trajectory planning
method, and the accurate control method of the parafoil in a complex environment.

Since the 1960s, relevant scholars have conducted a lot of research on the dynamics
model of the parafoil system. Goodrick established the 3-DOF longitudinal plane model of
the parafoil system based on the experimental data. In subsequent research, the parafoil
body and the load of the parafoil system were regarded a rigid connected whole, and a
6-DOF rigid body model was established to analyze the flight performance and longitu-
dinal stability of a small parafoil. The concept of added mass was first introduced into
the model, making the model simulation results closer to the real experimental data [1-3].
Yang regarded the parachute body and the parachute rope as a rigid body in plane motion,
and the load has a swing degree of freedom around the tether point, and established a
longitudinal 4-DOF dynamic model of the dynamic parafoil to solve the dynamic response
of the thrust step of the system from level flight to climbing state [4]. Mortaloni identified
the unknown quantity in the added mass of the parafoil system by the parameter iden-
tification method and established a more accurate 6-DOF model [5]. Xiong established
the dynamic model of the 6-DOF parafoil system, in which the aerodynamic force was
selected by combining experimental data and engineering subsection processing; on this
basis, the influence of different design parameters on the motion characteristics of the
parafoil system was analyzed [6]. Muller equates the connection between the parachute
body and the load of the parafoil system to two symmetrical suspension points, ignores
the relative rolling motion between the two bodies, and establishes an 8-DOF dynamic
model to study the relative yaw and pitch motion of the two bodies [7]. Xiong improved on
Muller’s model and obtained a more perfect 8-DOF model [8]. Slegers further simplified
the connection between the two bodies of the parafoil system into a hinge connection with
certain constraints and established a 9-DOF dynamic model [9]. Visnyak regarded the
two parts of the parafoil system as rigid bodies connected by elastic deformation slings,
established a more complex 12-DOF nonlinear model for the parafoil system, and analyzed
the dynamic characteristics of the parafoil system during turning and landing [10]. At the
same time, Visnyak considered the influence factors of wind on the model.

Parafoil path planning requires that the specific path from the initial position to the
target position that meets the performance index be planned under the condition that the
parafoil landing requirements and the flight characteristics of the parafoil system are met.
There are many algorithms that can be used for parafoil flight path planning. At present,
the commonly used random landmark method, neural network algorithm, simulated
annealing algorithm, genetic algorithm, particle swarm optimization algorithm, and ant
colony optimization algorithms are random algorithms. Deterministic algorithms include
the VORONOI diagram method, A * algorithm, and D * algorithm. Slegers transformed
the optimal control problem in the upwind alignment phase of the parafoil system into
a two-point boundary value problem for the solution [11]. Due to the complexity of the
indirect method, the direct method is often used in the design of the homing trajectory of
the parafoil system. Zhang and Gao used the Gaussian pseudospectral method to transform
the discrete processing of the homing trajectory of the parafoil system into a large-scale
nonlinear optimization problem with a series of algebraic constraints, and solved it with a
quadratic programming method [12,13]. Xie studied the flight path of the parafoil system
under terrain and fire threats, modeled the two threats, generated a three-dimensional
search space, optimized the flight path of the parafoil system using a particle swarm opti-
mization algorithm, and planned a homing path that can avoid threats and meet the range
and height constraints [14]. Jiao used nonuniform B-spline technology to turn the trajectory
planning problem into a parameter optimization problem, and combined with a chaotic
particle swarm optimization algorithm to study the path planning problem of the parafoil
air drop robot system in a disaster environment [15]. Pu studied the position control and
direction control of the target approach section and energy constraint section, respectively,
and proposed an angle control method that can be used for segmented homing of the
parafoil system [16]. Zhang studied the path segmentation planning of the parafoil system



Appl. Sci. 2023,13, 8115

30f22

under energy constraints using an improved particle swarm optimization algorithm [17].
Kaminer studied the sectional path planning of the parafoil air drop system with the help of
optimal control theory, and designed a nonlinear trajectory tracking controller, which was
finally verified by the simulation [18]. Liu improved the particle swarm optimization algo-
rithm, improved the global search ability and speed of the algorithm, and applied it to the
trajectory planning of the parafoil system [19]. Pini systematically studied the humanitarian
material air drop rescue system in a disaster environment, introduced the system dynamics
model, the generation of the homing trajectory and the navigation method, and designed
a unified scheduling management mode for the flight of multiple parafoil systems [20].
Jiang transformed the constrained optimal control problem into an unconstrained optimal
control problem based on the principle of control variable parameterization method and
the precise optimization algorithm of penalty functions, and solved it using Sequential
Quadratic Programming (SQP) [21]. Tao adopted a genetic algorithm with an elite strategy
to optimize the homing path and introduced the static penalty function method with a
relaxation factor to deal with inequality constraints [22]. Zhao adopted the design scheme
of the sub-section homing based on the four-degrees-of-freedom model and optimized
the design parameters of the homing trajectory using the improved Artificial Fish-Swarm
Algorithm (AFSA) [23]. Gao took the minimum homing energy consumption as the opti-
mization goal, adopted a five-segment homing strategy, used the pseudospectrum method
to optimize the trajectory, and gave the optimal reference path for homing [24]. Zhang
proposed a 3D trajectory planning method based on a compound optimization random
tree (CO-RRT) algorithm for parafoil trajectory planning under specific conditions [25].
Tracking control is the key link to achieving accurate autonomous positioning of the
parafoil system. Based on the analysis of existing literature, the traditional control methods
of the parafoil system mainly focus on PID, model predictive control, and nonlinear
dynamic inversion. Other robust control methods such as fuzzy control and intelligent
control combined with optimization methods have also been studied in the field of parafoil
tracking control. Xiong studied the trajectory tracking problem of the parafoil system
in the Serret Frenet coordinate system and adopted the proportional differential (PD)
control algorithm as the trajectory tracking controller [26]. The simulation results verify the
feasibility of the method. Hu used the traditional PID control method to control the parafoil
by establishing a 9-DOF model [27]. Qian proposed a control method that combined neural
network and dynamic inversion control for autonomous parafoil flight control, aiming to
eliminate the difficulty of establishing an accurate dynamic model of the parafoil system,
and the effectiveness of the algorithm was verified by simulation [28]. Xie proposed a
nonlinear predictive control method based on fuzzy disturbance observer and applied it to
the trajectory tracking control of the parafoil system [29]. Zhu designed a fuzzy controller
for the trajectory tracking of the parafoil system and achieved a better control effect than the
traditional PID control method [30]. Li further proposed an adaptive controller based on the
error-switching fuzzy control algorithm and the generalized predictive control algorithm
in the tracking process [31]. Culpepper studied the control problem of the parafoil system
in case of failure and proposed a control logic with the adaptive capability to deal with
the possible damage of the parachute jacket or the twining of the parafoil rope in the
parafoil system [32]. Rademacher introduced the navigation, guidance, and control of
the parafoil system, proposed an online trajectory planning method and a trajectory error
calculation method, and designed a proportional control rate to eliminate the trajectory
error [33,34]. Benjamin applied the adaptive control method L1 to the tracking control
of large parafoils [35]. In the actual parafoil air drop application, the ALEX parafoil air
drop system uses a simple proportional controller for homing control [36]. Tao designed
the flight guidance rate using the 2D trajectory tracking strategy based on guidance and
used the Linear Active Disturbance Rejection Control (LADRC) strategy to correct the
trajectory tracking error in real time, improving the anti-interference ability and robustness
of the parafoil system [37]. Sun proposed a trajectory tracking controller based on ADRC
combined with PID control [38]. Garcia proposed two passivity-based control (PBC)
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algorithms to control an unmanned powered parallel aerial vehicle and compared their
performance [39]. Hanafy designed a fuzzy logic controller (FLC) to control the lateral
motion of powered parachute (PPC) flying vehicles and used a genetic algorithm (GA) to
optimize the fuzzy membership functions [40]. Carlos addresses the issue of the parachute
not being able to return to its equilibrium position due to control locking caused by
excessive control [41]. He used the method of multi-body simulation to study the occurrence
of locking phenomena and provided passive methods to avoid instability. In addition,
the simulation results were also used to demonstrate that active control using parachute
brake input can avoid the occurrence of locking instability. Cacan studied the uncertainty
problem of system flight dynamic response when the wind speed exceeds the airspeed
of the parafoil flight, and proposed a direct and indirect combination of adaptive control
strategies to quickly describe the dynamic characteristics of the parafoil [42]. This algorithm
can achieve high-precision landing under various degradation conditions. Garcia proposed
two passivity-based control (PBC) algorithms to control an unmanned powered parallel
aerial vehicle, and compared their performance. Hanafy designed a fuzzy logic controller
(FLC) to control the lateral motion of powered parachute (PPC) flying vehicles, and used a
genetic algorithm (GA) to optimize the fuzzy membership functions.

In this paper, we introduced the current research status of parafoil dynamics modeling,
homing path planning, and path tracking control. We mainly discuss path planning and
tracking control for parafoil based on the original natural (ON) algorithm and sliding mode
control (SMC). The flight path planning method designed in this paper can be used to
plan an optimal flight path from the starting point to the landing point of the parafoil
and meet the performance constraints of the parafoil, the initial position and terminal
position, and the heading constraints. Using the tracking control method designed in this
paper, the parafoil can follow the planned optimal path within the error range. Simulation
comparisons with other methods can indicate that the methods designed in this paper can
achieve better parafoil flight performance under complex conditions, thereby verifying the
rationality of the design methods. The research work carried out in this paper on parafoil
air drop systems provides reference ideas and a theoretical basis for actual air drop projects
and has certain theoretical significance and engineering value.

2. Model of Parafoil

The aerodynamic shape of the parafoil determines the aerodynamic force and aerody-
namic moment of the parafoil vehicle, and changes the flight performance of the parafoil
accordingly. After inflation, the parafoil is fully deployed, and its basic structural parame-
ters are shown in Figure 1.

The basic parameters of the parafoil structure mainly include the following parts:

Span b: the spanwise length of the fully deployed parafoil.

Chord length c: chordal length of fully deployed parafoil.

Aspect ratio AR: AR = % = %, S is the horizontal projected area of the canopy. For a
rectangular parafoil, S = bc.

Air-cell height t;: the longest distance between the upper and lower chords of the
front edge of the canopy.

Installation angle ¢: the angle between the reference chord length of the wing profile
and the horizontal line when the parafoil glides in balance. Once the rope length is
determined, ¢ can also be determined. ¢ changes with the rope length and ¢ varies with
different parafoil.

Attack angle «: the angle between the opposite direction of the air and the lower wing
surface in the longitudinal plane.

The values of the basic parameters of the parafoil structure are not fixed and unique.
It is necessary to select appropriate structural parameters according to the dynamic charac-
teristics of the parafoil air-drop system and the laws of control.
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Figure 1. Schematic diagram of parafoil structure.

The aerodynamic coefficients of parafoil are shown in Equations (A1)-(A11) in Appendix A.

s is the symmetric downward bias and J, is the asymmetric downward bias, which
is obtained from the parameters shown in Figure 2. The range of values of d is 0 to 0.24c.
The symmetric downward bias Js = dp/0.24c, the value range is 0 to 1. The asymmetric
downward bias &, = (d1 — dp)/c = Ad/c, the value range is 0 to 0.24, where 0 corresponds
to no asymmetric downward bias and 0.24 corresponds to complete unilateral downward
deviation. b is the wingspan, and c is the length of the chord. py;, gp, 1, represent the
projections of the parafoil angular velocity on the x, y, and z components of the body
coordinate system, and u,, vy, w;, represent the projections of the parafoil velocity on
the x, y, and z components of the body coordinate system. V), is the parafoil velocity.
« is the attack angle and B is the side-slip angle. Cp(«,ds), Cg(oc, Jds), and Cin, s (a,d5)
are obtained by interpolating the relevant subject data, and other coefficients are fixed
values [43], as shown in Table 1. The expression of parafoil moment of inertia is shown in
Equations (A12)-(A15) in Appendix A.

Figure 2. Schematic diagram of parafoil pull-down.
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Table 1. Values of relevant aerodynamic coefficients.

Coefficients Values Coefficients Values
Cy, —0.0095 Chy, 0.2350
Cy, —0.0060 Cp;, 0.0957
Ciy —0.0014 Cy,, 0.1368
G, —0.1330 Ci, 0.2940
C, 0.0100 Crns, —0.0063
Cny 0.0005 Chy, 0.0155
Cn, —0.0130 Cm, —1.864
Cn —0.0350

The particle dynamics equation of the parafoil system and the dynamics equation
of the parafoil system rotating around the particle are shown in Equations (1) and (2).
The particle kinematics equation of the parafoil system and the kinematics equation of the
parafoil system rotating around the particle are shown in Equations (3) and (4).

> __ —D—mgsing
Vp —_

P —LsirT’yU-&-Ycos'yv
Yo = mvVy
g — L cos yy—Y sin y,—mg cos 6
- mVpiy 1)

L =050V;SCy
D = 0.50V2SC},

Y = 0.5PV§SCY

= IZZMX_]XZMZ+]XZ(]yy_]xx_jzz)wxwy+(Izz]yy—]zzz_faz(z)wywz
* Tecle=— T
_ Myt (@WE=w?)+(Joz—Jxx)wxws

wy Y ! 2 2
G = ]szx—]xxMz+(]xx]yy‘]xx_]xz)wxwy‘i’]xz(]yy—]xx—]zz)wywz (2)

z T2 Jxx )z

M, = 0.50V;SbC,
My = 0.50V;SbCp,
M; = 0.50V;SbC,

x = Vj cos b cos iy
y = VpcosOsinyy, (©)]
z = —Vpsinf

¥ = wy + wy siny tan ¥ + w; cos y tan ¢
l?: Wy COS 7y — Wz siny 4)
= (wysiny + w; cosy) /cos &

where, L, D, and Y are the lift, drag, and lateral force of the parafoil, respectively. 6 and ¢,
are the inclination and deflection of the flight path, respectively. ¢, ¢, and <y are pitch angle,
yaw angle, and tilt angle, respectively. wy, wy, and w; are components of rotational angular
velocity w on each axis of the body coordinate system. Jxx, |y, and J;. are the rotational
inertia of each axis in the body coordinate system. ]y, is the inertia product of the oxy axis
in the body coordinate system.

The parafoil system is a complex multi-body model with high nonlinearity and strong
coupling. However, for the study of the homing trajectory of the parafoil system, it is often
not necessary to study the attitude change of the system in space, but only the position
change of the system in space. Therefore, a simple particle model is usually used in the
trajectory planning problem. Based on the ground coordinate system, the target point of
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trajectory planning is regarded as the coordinate origin, and the simplified particle model
expression of the parafoil system motion equation is obtained as shown in Equation (5).

X = VSCOSIIJ-f—wa
Yy = Vssiny + Vyy
=V, ©)

Pp=u

where, V; is the horizontal flight velocity and V; is the vertical falling velocity. V4, and
Vuwy, respectively, represent the projection of horizontal wind velocity on the X and Y
axes. u represents the control quantity, and its value range is 4 € [—Umax, Umax]- Umax
is the maximum control quantity allowed to be input. The value of u is related to the
unilateral downward deflection of the control rope of the parafoil system, and the two are
in one-to-one correspondence, and the value of u is the largest when the turning radius is
the smallest.

Comparing a semi-ellipsoidal sphere to a threat peak, assuming that there are k semi-
ellipsoidal threat areas in the flight environment, and taking the terrain height value as the
threat coefficient, the terrain threat model is as follows.

k —_4.\?2 —_h\?2
Zop = Y My | 1 min{l, (x a1> + (y bz) } (6)
i=1 li i

where, z,;, represents the actual terrain height at this location, (a;, b;) represents the central
coordinate position of the ith threat peak, (I;, m;) represents the attenuation coefficient of
the ith threat peak in the X-axis and Y-axis directions, and n; represents the height of the
ith threat peak.

3. Optimal Parafoil Path Planning Method

The original natural principle has universality, and numerical algorithms based on this
principle are applicable to the integrated global optimization design of dynamic control
and decision making for many primitive material units, many levels, and many types of
material combinations in unknown random environments [44]. In this paper, we designed
a parafoil path planning method based on the original natural principle to solve the parafoil
optimal path planning problem . This method is used to generate a 4D flight path, that
is, the selected path segment is connected into a nearly complete 4D path. To maintain
flexibility and reduce the number of paths, in this step, the starting navigation point and
the target are not temporarily connected to the track. The most basic algorithm used here
is the shortest path algorithm based on original natural principles, which is an extremely
effective method of extracting a group of track segments to minimize the cost of the track
between the initial navigation point and the final pair of navigation points. Each starting
navigation point can eventually reach many other navigation points. Therefore, the result
of the algorithm is actually represented as a tree. This tree contains the best route from
each starting navigation point to each terrain-matching point it can reach. In this way,
the overflight cost of each route of each tree can be obtained and stored.

Without considering the effect of interference sources, the discrete description of the
optimal control problem of the parafoil system is simplified, and the simplified nonlinear
discrete system state equation is obtained.

{ x(k+1)

(Rl .

x(0 0
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where the state constraint x(k) € X C R, and the control constraint x(k) € QO C R, Itis
necessary to find the optimal control sequence u* (k) so that the following cost functions
reach the minimum.

In[x(0)] = @[x(N),N]+ ) L[x(k), u(k),k] ®)

The calculation steps based on the original natural algorithm are as follows.
STEP 1: Calculate the optimal control u*(1) of the first level and obtain the following
equation.

u(rlr)lir(l ){L[x(1>,u(l),w(l),v(l)fl] + Jg[x*(0),0]}
JE (1), 1] = n?lr)uzr)l(?)x{L[x(l),u(l),w(l),v(l),l] + J;[x*(0),0]}
rl?(ilr)l{L[ x(1),u(1),w(1),0(1),1] + J§[x*(0),0]} ©)

x(1) = f[x(0),u(0),(0),(0),0]
Jo1x*(0), 0]=J5 [f[x(0), u(0), w(0),v(0),1],0]

Then, we can calculate u*(1), x*(1) and J;*[x*(1),1].
STEP 2: Calculate the optimal control u*(2) of the second level.

min {Lmz),u<z>,w<z>,v<z>,21 + I (1, 1])

u(2),0(2)
I3[ (2),2] = rr}1r)1 rzx)’tez\)x{L[x(Z), u(2),w(2),v(2),2] + J; [x*(1),1]}
mm{L[ (2),u(2),w(2),v(2),2] + JF [t (1),1]} (10)

u(2)
x(2) = flx(1),u(1), w(1),v(1),1]
Jilx*(1), 1]=J7 [f[x(1),u(1), w(1),v(1),1],1]

Then, we can calculate u*(2), x*(2) and J,*[x*(2),2].

STEP k: Calculate the optimal control u* (k) of the kth level.

i, (L), (k) (k) o), K + Ty [ (k= 1),k = 1)
Je[w (), k] = § minmax{ L (k) ulk), w(k), o(k), k] + Jiy [¥* (k= 1), k = 1]}
rﬂ}{r)l{L[ x(k), u(k), w(k), v(k), k] + J_; [x* (k= 1),k = 1]} (11)
x(k) = flx (k—l) ulk—1),wk—1),0(k—1),k—1]
Ji U= 1),k = 1= (e D,k D,k — 1), 0k~ 1),k — 1),k 1]
Then, we can calculate u*(k), x* (k) and Ji*[x*(k), k].
STEP N: Calculate the optimal control u*(N) of the Nth level.
(rr)llr(lN){L[X(N)/u(N)/W(N)/U(N) NJ+J{ 4 [x" (N =1),N = 1]}
T3, [u*(N),N] = lrf(l}{jr;zr(lax{L[ x(N),u(N),w(N),v(N),N| + J§_1[x*(N—-1),N - 1]}
min{L{x(N),u(N),w(N),o(N), N] + Jj [**(N = 1), N - 1]} (12)
X(N) = flx(N —1),u(N — 1), w(N — 1),o(N — 1), N 1]
JNalx(N=1),N =1]=]J§_ [f[x(N = 1),u(N = 1),w(N —1),o(N —=1),N = 1], N = 1]

Then, we can calculate u*(N), x*(N) and [y*[x*(N), N].

STEP N + 1: This is the last step. Calculate the natural performance index J;*[x* (k), k],
natural control u*(k), and state variable x* (k) in order from the starting point x(1) = xo,
where k ranges from 1 to N.
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4. Optimal Flight Path Tracking Control Method for Parafoil

Flight path tracking control means that when the system gives a planned path,
the parafoil can fly along the given path according to its own flight characteristics and
maximum control range. Sliding mode control can effectively overcome the uncertainty of
parafoil systems. The control algorithm has the advantages of simple form, fast response
speed, and good control effect for nonlinear systems. At present, traditional PID control
is widely used in the tracking control of the parafoil system. The introduction of sliding
mode control will provide a new solution for the control of the parafoil system.

The path tracking method used in this paper is to track a given path by designing
a tracking control law based on sliding mode control, using a fixed point on a path that
is a certain distance from the system location as a reference point on the planned desired
path, and controlling the parafoil to fly with this series of reference points as the target. The
simple flow of the tracking control method is shown in Figure 3.

Wind Field

Planned Path Points

E.Vr.a;

Initial States B.V,.a,

] [ +>
Parafoil Model -
N\

ee,é

SMC Controller

Figure 3. Block diagram of tracking control method

In the parafoil system, the conversion between the dynamic model and the kinematic
model involves the conversion of some aerodynamic parameters, which are shown in
Appendix B.

Define the position error and the velocity error as shown in Equation (13), and the
sliding surface design as shown in Equation (14).

ey X7 — X
e=|e | =|yr—vy
| €z ZT —Z (13)
[ ey ur —up
e= | e = uT — Up
s=ke+¢ (14)
The derivative of Equation (5) can be obtained as follows.
ur —Visiny + Vi cosip Vs cos i —Vysiny
or | = | Vepcosy + Vssiny = | Vesing |+ | Vscosyp |  (15)
wT VZ VZ 0
The derivative of s is as follows.
s=kée+é (16)

The expression of ¢ can be obtained as follows.
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i i,
é=|or |—| o

ur
- [ z‘;.T - G(x,y,z,up,vp,wp) —H(x,Y,2,1p, 0p, wp)da 17)
wr
Vs cos —V;siny
= | Vesing | —G(x,y,zupvp,wp) + | Vscosyp |9 —H(x,y,z,1p,0p,wp)da
V, 0

= Gr— G+ Hru — HJ,

where we replace the turning angular velocity ¢ with u as the control input to the parafoil
dynamics model.
Define the exponential approach law as follows.

$ = —kys — kasgn(s) (18)
Define the Lyapunov function V = 0.5s? and take its derivative as follows.

V = s(—kys — kasgn(s))

= —k1V —kps -sgn(s) = —k;V —kals| = —k1V —ko/V <0 (19)

According to Equation (19), the designed sliding surface meets the Lyapunov stability criterion.
The control law can be obtained by combining Equations (16)—(18), and then introduc-
ing Equation (A22) into it as follows.

[upA(1) —vp A(2)] — [upB(1) — v, B(2)][ké + Gr — G + k15 + kpsgn(s)]

"= [u,B(1) — v,B(2)|Hr

(20)

5. Simulation Results and Analysis
5.1. Path Planning for Parafoil

According to the glide ratio constraints of the parafoil system, the maximum drop
height of the parafoil system is limited to 7 km and the maximum horizontal drop distance
is 40 km. Assuming that the initial position of the parafoil system is [0, 17.5, 6.5] km and
the initial flight direction is 90 degrees, the homing flight trajectory of the parafoil system
typically requires gliding for a distance along the initial flight direction. The wind speed of
the wind field in the ground coordinate system is 10 m/s. The coordinates of the landing
position are [40, 0, 0] km. In the simulation verification stage of this study, we established
various distributed terrains and threat areas, as well as various wind fields in different
directions and forms. Finally, we chose a more complex form of terrains and threat areas as
shown in Figure 4, and three typical forms of wind fields as shown in Figures 5-7, which
are rotational wind field, crosswind field, and headwind field. The specific simulation
conditions for parafoil path planning are shown in Table 2.

Table 2. Simulation Conditions for Parafoil Path Planning.

. . . o Landing
Method Wind Field Starting Position/km Position/km
ON Crosswind ,17.5,6.5] [40, 0, 0]

CO-RRT Crosswind ,17.5,6.5] [40,0,0

[0
[0 ]
ON Rotational wind [0,17.5, 6.5] [40, 0, 0]
Crosswind [0,17.5,6.5] [40, 0, 0]
Headwind [0,17.5,6.5] [40, 0, 0]
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Figure 4. Schematic diagram of curved terrains and cylindrical threat areas.
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Figure 5. Rotational wind field.

Figure 4 shows the threat areas simulated with a cylindrical surface and the terrains
simulated with a quadric surface, such as mountains at different heights. During the
parafoil flight, it should bypass the threat areas and cross the terrains at a safe altitude.
Figures 5-7 show three different forms of wind field to simulate the impact of different
external environments on parafoil flight.

Figures 8-10 show the comparison between the parafoil flight path planned by the
path planning method based on the original natural(ON) algorithm designed in this paper
and the parafoil flight path planned by the compound optimization random tree (CO-RRT)
algorithm used in Ref. [25]. CO-RRT is an incremental search method based on sampling,
which is a single query algorithm. The flight range of the parafoil flight path planned by
the ON algorithm is 4.65 km, and the flight time is 968.8 s. The flight range of the parafoil
flight path planned by the CO-RRT algorithm is 4.69 km, and the flight time is 1090.1 s. It
can be seen that the parafoil flight path planned by the ON algorithm has a shorter range
and flight time, whereas the velocity and acceleration trends planned by the two algorithms
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are similar, which means that under the same flight constraints, using the ON algorithm
can plan a better parafoil flight path.

- Winds Model map in Earth-fixed systemn

y (k)

-20

& 0 5 10 15 20 24 30 34 40 45
¥ (km)

Figure 6. Crosswind field.

- Winds Maodel map in Earth-fixed system

10

20

o5 \ L L . . ! L .

Figure 7. Headwind field.

Figures 11-13 show the comparison of the planned paths, planned velocities, and planned
accelerations of the parafoil under three different wind field conditions.It can be seen that
the flight time of a parafoil under the influence of a rotating wind field is significantly
longer than that of a crosswind field and an upwind field. This is because the direction of
the wind changes at each moment when the parafoil passes through the rotating wind field,
which requires both the use of wind field flight and resistance to wind field influence to be
considered when planning the parafoil path. This also makes the planned parafoil flight
path unstable, thereby extending the flight time. It is illustrated that under the constraints
of the shortest distance, the shortest time, and the minimum turning radius, the algorithm
studied in this paper can make full use of the wind fields to plan the optimal path.
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Figure 8. Comparison of Parafoil Planned Paths under Different Planning Methods.
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5.2. Path Tracking for Parafoil

The path tracking simulation of parafoil is based on the planned path shown in
Figure 8. The initial path inclination and deflection of the parafoil are both 0 degrees.
The sliding mode control(SMC) method designed in this paper and the tracking control
method combining active disturbance rejection control(ADRC) and PID control used in
Ref. [38] are used to track the planned path of the parafoil, respectively. The ADRC-PID
method proposed can estimate and compensate the system modeling error and nonlinear
uncertainty disturbance through the extended state observer. The specific simulation con-
ditions for parafoil path tracking are shown in Table 3. A series of comparative simulations
are performed in the following.

Table 3. Simulation Conditions for Parafoil Path tracking.

. . . - Landing

Method Wind Field Starting Position/km Position/km
SMC Crosswind [0,17.5, 6.5] [40, 0, 0]
ARDC-PID Crosswind [0,17.5,6.5] [40, 0, 0]

Figure 14 shows the parafoil path tracking using the sliding mode tracking control
method designed in this paper, and Figure 15 shows the parafoil path tracking using
the ADRC-PID method. Figures 16 and 17 show the velocity tracking and acceleration
tracking of the parafoil under the two tracking methods, respectively. From the comparison
in Figure 16, it can be seen that the parafoil velocities tracked by SMC can better fit the
planned velocities and the tracking error is smaller. From the comparison in Figure 17,
the SMC tracking method also has better tracking performance for parafoil acceleration.
Figure 18 shows the path tracking errors under the two tracking methods. Figure 19 shows
the control input on the path tracking process for parafoil under the two tracking methods.
From Table 4, it can be seen that although the SMC method has a higher maximum error in
tracking the parafoil flight path, the average errors are less than the average errors of the
ADRC-PID method, which can indicate that the SMC method designed in this article has
better tracking performance for the parafoil flight process.

Table 4. Tracking Errors.

Method ex/m 2y/m é;/m e/m emax/m
SMC 0.23 0.63 0.14 0.96 25.97
ADRC-PID 6.53 2.39 0.36 7.72 12.98
Tracked Path for Parafoil
Planning
= ==SMC

8

6
E
=4
= 2

20

oo
o

Figure 14. Parafoil Tracked Path under Sliding Mode Control.
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Figure 15. Parafoil Tracked Path under ADRC-PID.
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Figure 17. Comparison of Parafoil Tracked Accelerations under Different Tracking Methods.
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Figure 19. Control Input of Parafoil Path Tracking.

6. Conclusions

In this paper, we mainly study the path planning and path tracking control of the
parafoil system and simulated the design method in various situations based on 6-DOF
parafoil model. Compared to the CO-RRT method, it can be seen that the path planning
method based on the original natural algorithm has better planning performance and
can plan a better parafoil path. This method can quickly plan the optimal flight path of
the parafoil system under random external conditions, which shows the reliability of the
method. The parafoil path tracking control method based on the sliding mode control
theory studied in this paper can accurately track the planned optimal path, reach the target
point within the error range, track the parafoil velocity and acceleration commands well,
and control the error within the controllable range. Compared with the ADRC-PID method,
it can be seen that the SMC based path tracking method has better tracking performance
and achieves higher tracking accuracy.

In this paper, we have achieved certain results in our research on parafoil systems,
the following aspects can still be further studied in the future:

(1) In the selection of aerodynamic parameters, a more accurate aerodynamic database
can be established.

(2) Realizing precise air drop of parafoil systems is a complex problem. This article
only focuses on the precise air drop under constant wind conditions. The actual engineering
wind field model is complex and variable, and further refinement of the wind field model
is needed.
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(3) SMC has significant fluctuations in the initial stage of control, which means that
the system generates chattering and can further reduce the degree of chattering.
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Nomenclature

b Span of parafoil

c Chord length of parafoil

AR Aspect radio

ty Air-cell height

o, Attack angle and sideslip angle

o Air density

S Reference area

Sp Umbrella area

m Parafoil mass

P Dynamic pressure

L,D,Y Lift, drag, and side force

Cr, C%, Cy Lift, drag, and side force coefficient

Cx,Cz Axial force coefficient

My, My, M Roll, pitch, and yaw moment

C1,Ci, Cyy Roll, pitch, and yaw moment coefficient

s Symmetric downward bias of parafoil

g Asymmetric downward bias of parafoil

Cp;, Asymmetric control drag coefficient

Cr,, Asymmetric control lift coefficient

Cy, sideslip angle induced Y-axis force coefficient

Cy,, Asymmetric control induced Y-axis force coefficient

Cy, Y-axis aerodynamic coefficient induced by rotation about the Z-axis
Cig sideslip angle induced X-axis moment coefficient

G, Asymmetric control induced X-axis moment coefficient

G, X-axis moment coefficient induced by rotation about the X-axis
G, X-axis moment coefficient induced by rotation about the Z-axis
Cnﬂ sideslip angle induced Z-axis moment coefficient

Cus, Asymmetric control induced Z-axis moment coefficient

Cn, Z-axis moment coefficient induced by rotation about the X-axis
Cy, Z-axis moment coefficient induced by rotation about the Z-axis
Cins, Asymmetric control induced Y-axis moment coefficient

Cmq Y-axis moment coefficient induced by rotation about the Y-axis
Vp Velocity of parafoil

Vs Horizontal velocity of parafoil

Up, Vp, Wy Projections of parafoil velocity on the body coordinate system
ur, T, Wt Projections of tracking target on the body coordinate system

¢, Py Flight path inclination and deflection

XY,z Position of parafoil on the earth coordinate system

w Rotational angular velocity
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Wy, Wy, Wz Components of w on the X, Y, and Z axes
QP Y Pitch angle, yaw angle, and roll angle
P Yaw angle rate
u Control input
Appendix A
Cr = CL(DC, (55) + CL5ﬂ|511| (A1)
CP, = CP(, ) + Cpy, |0a (A2)
Cx = (~Chup + Crwy ) /7, (A3)
Cy = Cyﬂ‘B + ny(?’pb/zvp) + CYA‘H Sa (A4)
Cz = (~Chwp — Cuuy) 1V, (A5)
q-cpra i i s A6
1B+ by, + zrzv + Ciy, 0 (A6)
Con = Cineyy (@,85) + Ci, Z{; + +Cony, 04| (A7)
ppb rpb
C, = Cnﬁﬁ + Cnp 2v, + Cn, 2v, + Chny, 0a (A8)
1
2.2 22
Vy = (up +v,+ wp) (A9)
a = tan *(wp/up) (A10)
B =sin"!(vp/Vp) (A11)
Iy = 11y [(a )2+ bﬂ /12 (A12)
Iy = My [(a 1)+ CZ] /12 (A13)
Iz = my [bz + c2] /12 (A14)
Iy 0 0
Lo = 0 Iy O (A15)
0 0 Iy

Appendix B

0
Fy = mg[ 0 ] (Al6)
1
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(—C]"_’7 cosa +Cp SiﬂtX) cos B oS i
FA=PSy| Cy,p+05Cy,4/|Vy— V| | —PS,Ch| 0 (A17)
(—Clpj sina — Cp. coszx) cos B s &
_ Ew+ TempFa
m

A (A18)

Cr, sina —C .
pS, Ty | (Crasing o cos &) cos B| | L)
- You )
—(Cr,, cosa + Cp,, sina) cos B[

B
m

P =0.50|V, — Vy? (A20)

where C,hD is the drag coefficient of the air drop and P is the incoming flow pressure. T, is
the transformation matrix from the earth coordinate system to the body coordinate system,
as shown in Equation (A21).

costcosy cos ¥sin —sind
Top = | sinysin®cosyp —cosysiny sinysindsiny + cosycosyp sinvycos?d (A21)
cosysin®cosy +sinysiny cosysindsiny —sinysiny cosycos

From Equations (A16)—(A20), the relationship between J, and 1 is as follows.

V2P — [upAQ1) —vpA2)]

% = upB(1) —v,B(2) (A22)
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