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ABSTRACT This paper presents the dynamic modeling process of a powered parafoil (PPF). The PPF is
composed of parafoil and payload equipped with a propeller. The payload is suspended to the parafoil via
two suspending points, therefore the motion of the payload relative to the parafoil must be considered in
the dynamic and control study. The proposed model of the PPF is derived from the Lagrangian equations
and dynamic constraints with six degree of freedom (DOF) of the parafoil and two DOF of the payload.
In the modeling process, the velocity, angular rate and force constraints are introduced and the detailed
modeling process is provided. Time-domain response of the PPF under different conditions are calculated
and the dynamic characteristics of the PPF are analyzed. A series of simulations are implemented to illustrate
the manipulation characteristics. Furthermore, the dynamic model is validated by comparing the simulation

results with the experimental data.

INDEX TERMS Powered parafoil, constraint analysis, flexible-wing vehicle, dynamic modeling.

I. INTRODUCTION

Parafoil is a kind of flexible wing aero decelerator which
is entirely made of fabric and has a low aspect ratio. This
characteristic allows the parafoil to be packed before deploy-
ment and be inflated when deployed from a high altitude.
The use of parafoil has substantially enhanced airdrop capa-
bilities during the last several decades. Many novel results
about the application of the parafoil have been reported in
literature [1]-[7].

The concerned powered parafoil (PPF) is composed of
parafoil and payload with a propeller equipped on the back
of it [8]. The payload is connected to the parafoil via two
suspending points to reduce the relative yaw angle. The
control inputs for PPF involve lateral brake deflection and
longitudinal thrust provided by the propeller. The lateral
control is added to the PPF by pulling steering lines on
the trailing edge of the parafoil. In the past decades, var-
ious control methodologies were applied to the control of
the PPF [9]-[15]. The modeling of a PPF is more compli-
cated than a rigid-body aircraft because it is difficult to ana-
lyze the internal constraints. In the preliminary research, the
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connection between the parafoil and the payload is regarded
as rigid for simplicity. Therefore, the simplest models of PPF
with six degrees of freedom (DOF) [10], [16], [17] or four
DOF [18] were established by ignoring the relative motion of
the payload. The translational and rotational motions of the
whole PPF are investigated based on these models. However,
the relative motions affect the actual attitudes of the payload
in practice, which then influence the thrust direction. There-
fore, a more accurate model should be introduced in the study.
A complicated model with nine DOF is proposed by adding
three rotational DOF of the payload to the six DOF model
of the parafoil [8], [19]-[21]. However, this model is only
applicable to parafoil vehicles with only one suspending point
between the paraloil and the payload.

The deformation about the roll axis of the PPF with two
suspending points is generally very small and can be ignored.
Therefore, the dynamics of this type of PPF can be described
by an eight DOF model. A nonlinear model with eight DOF
was proposed in [22], where the moment about the yaw axis
was elaborately modeled. The deformation of the parafoil due
to deflection was also taken into account. In [23], flight con-
trol of a powered paraglider was described and experimental
results were compared with the proposed model, however
without theoretical analysis of the motion characteristics.
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Ref. [24] developed an eight-DOF equations of motion based
on analytical mechanics with fewer differentiations than the
Lagrangian approach, and the validity of the proposed model
was only verified through simulation rather than comparing
the simulation with flight test. By eliminating the coupling
effects between parafoil and payload, Ref. [25] and [26]
established an auxiliary matrix to simplify the modeling
process.

In this paper, the detailed derivation of the model of
the PPF with eight DOF is presented. The model consists
of six DOF of the parafoil and two DOF of the payload.
A spring and damper model is utilized to model rotational
constraints [25]. In addition, internal forces and moments,
which are applicable to the PPF design, are considered as
states. This model is available for simulating the unmanned
PPF and the numerical simulations are carried out to illustrate
the characteristics of the PPE. The results are further com-
pared with experimental data.

The remaining parts of the paper are organized as fol-
lows: In section II, the modeling problem is formulated.
In section III, the detailed description of the constraints is pre-
sented. Then we present the simulation analysis in section IV.
In section V, the simulation results are compared with the
experimental data, which validates the dynamic model. The
concluding remarks are presented in section VI.

Il. MOTION EQUATIONS

A practical PPF is shown in Fig. 1. In this paper, we address
the modeling problem of the PPF. Several reasonable hypoth-
esis are described as follows [26].

1) The parafoil keeps its
unchanged when inflated;

2) The center of gravity (CG) of the parafoil is just the
aerodynamic pressure center;

3) The lift of payload is ignored, and we only consider its
aerodynamic drag;

4) The ground is a flat plane.

aerodynamic structure

FIGURE 1. Powered parafoil.
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A. COORDINATE CONFIGURATION
To facilitate the analysis, three main coordinate systems are
established, including geodetic coordinate system (inertial
coordinate system) X,, parafoil-fixed coordinate system X,
and payload-fixed coordinate system X,. These coordinate
systems are fixed to a fixed point at the ground, the CG of
the parafoil O, and the CG of the payload O,, respectively.
In addition, two auxiliary coordinate systems, the rigging
coordinate system X, and wind coordinate system X,,, are
established to calculate aerodynamic forces of the parafoil.
As shown in Fig. 2, the axis directions of the coordinate
systems are described as follows. The inertial coordinate
system X, is defined as O,x,y,z,. The positive direction
of z,-axis is taken downward. The x;-axis and y,-axis are
propetly chosen to ensure that the O, x,y,-plane is horizontal.
To simplify the simulation of the PPF, the origin of X, is
selected at the initial position of CG of the parafoil. The
positive direction of x,-axis is appropriately chosen in the
direction of North. The parafoil-fixed coordinate system X
is defined as O.x.y.z.. The z.-axis is chosen in the direction
from O, to C,,, where C,, is the middle point of the two
suspending points. The x.-axis is in the symmetry plane of
the parafoil and is perpendicular to z.-axis. The y.-axis is
defined so that . forms a right-hand coordinate system. The
payload-fixed coordinate system X, is defined as Opx,ypzp
with the assumption that the payload is symmetric. The x,-
axis is chosen in the direction of the thrust. The z,-axis is
perpendicular to x,-axis and is taken downward. The %, is
also a right-hand coordinate system while the y,-axis is taken
rightward and is perpendicular to the Opx,z,-plane. The axes
of the parafoil-fixed coordinate system are parallel to those
of the payload-fixed coordinate system when the relative
attitude between the parafoil and the payload is zero.
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FIGURE 2. Coordinate systems.
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Auxiliary coordinate system X, is obtained by rotating .
around the y.-axis by w, which indicates the rigging angle.
The ¥, is defined as O,x,y,z, and the x,-axis is parallel to
the bottom surface of the parafoil. The origin of the wind
coordinate system X, is the CG of the parafoil and is defined
as OyXyywZw. The x,,-axis is chosen in the direction of the
airflow, which is defined by the airspeed of the parafoil. This
makes the X,, a dynamic coordinate. The zy,-axis is in the
symmetry plane of the parafoil and is perpendicular to the
Oy X yw-plane.

All the coordinate systems except X, are determined by
Eulerian angles, including roll angle ¢, pitch angle 6 and yaw
angle v about X, . The transformation from X, to the related
coordinate system is determined by the transformation matrix

CoCyr COSyr —Sg

ScSeCy — CeSy S¢SeSy + CcCy Sy Ch (1)
CeSoCy + S¢Sy CrSeSy — S¢Cy CyCo

T, =

wherein for arbitrary angle «, sina = sy, coOsa = cq.

B. MOTION EQUATIONS OF THE PAYLOAD

The payload has translational motion and rotational motion
with respect to the force and moment acting on it. For sim-
plicity, the payload is assumed to be rigid in the modeling
process.

The forces acting on the payload are gravity Fg, aerody-
namic force F;, tension of suspension lines F;f and the thrust
provided by the propeller F;,h, which are described in X,.
The action points of the gravity, thrust and aerodynamic
force are the CG of the payload for its regular shape, and
thus the moments of the three in X, are ignored. Therefore,
the basic equations of motion for the payload can be obtained
by applying the Lagrange approach. The most general form
of these equations in ¥, are

P

)4 _ G th t
?+wpop_F;+FFp +F, +F;
oH, ‘e
= Vo x Pyt x Hy =M 2)

where P and H are momentum and moment of momentum,
respectively. V, = [up Vp wp]T and w, = [pp dq p ]T
denote the velocity and angular rate of the payload, respec-
tively, and the superscript T here is the transpose symbol. The
subscript p means that the vector is in X,. The superscripts
a, G, te and th represent aerodynamic force, gravity, tension
of suspension lines and thrust, respectively. P, and H,, are
defined as

P, =m,V, 3)
H, = Jyw,

where J, is the matrix of moment of inertia.

Let T, (g“p Oy ’ﬁp) be the transformation matrix from
¥, to X, the}n the gravity is expressed as Fg =
T,{p[O 0 myg ], where my, is the mass of payload and g
is the gravitational acceleration. The aerodynamic lift of the
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payload can be ignored for its aerodynamic shape. Therefore,
Fg is just the aerodynamic drag and can be defined as

F5=—0.5p|V,|S,Cp,V, )

where p, Cpp and S, are the air density, the drag coefficient
and the characteristic area of the payload, respectively.

It is assumed that the payload is linked to the parafoil via
two suspending points, Cg and Cr. Thus, F;f is defined as
Fy = F;fR + F;fL wherein F;fR and F;fL are the tensions acting
at Cg and Cp, respectively. Let [, and [ be the distance from
Cm to Op and Cy, to Cp, respectively. Then, the distance
between C,, and Cr is also /. The moment produced by
suspension lines is given as

Mltf = Lpr X F;eR + LpL X FIth (5)
where Lyg = [O l —l,,]T and Ly, = [O -1 —lp]T are the

positions of Cy and Cg in X, respectively. Substituting Lz
and L, into Eq. (5) yields

0 07
My =|[|1|-]0]]xFn
0 I,
0 0
+|-|71|-]0 x F
o] |4
o oA
=1 x@%—Fﬁ)— 0 x@%+Fﬁ)
_O_ _II’_
o &
=1 x(Eﬁ-qg)—- 0 | xF 6)
_O_ _lp_

The constraints of the tension will be analyzed later.

C. MOTION EQUATIONS OF THE PARAFOIL

As mentioned above, the parafoil is a kind of flexible wing.
However, for the sake of simplicity, the parafoil is assumed
to have a fixed structure in shape.

The forces acting on the parafoil are gravity Ff, aerody-
namic force F¢ and tension of suspension lines F which are
represented in ¥.. Using the Lagrange approach, the basic
equations of motion for the parafoil in ¥, are

oP.

J+%XE=W+W+W

M v xp H, = M¢ + M 7

ar + Ve xPe+wc xHe =M, + M, @)
where V., = [uc Ve WC]T and w, = [pc qc rC]T are the

velocity and angular rate of the parafoil, respectively. The
subscript c is the parafoil-fixed coordinate system X.. For the
light weighted aircraft with its geometric density close to the
air, the apparent mass should be included in calculating the
moment and the momentum of moment. Therefore, the fol-
lowing equation holds

P. V.
|:HC:|=[A0+Ar]|:wC:| ®)
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where A, and A, are the inertia matrix of the apparent mass
and real mass, respectively. A, is determined by the mass and
geometric shape of the parafoil as

| mel3 0343
4r = |:03><3 Je } ®

where I3, 0343 and J. are the third-order identity matrix,
zero matrix and moment of inertia, respectively. Let b, ¢
and ¢ represent the spanwise, mean chord and thickness of
the parafoil, respectively. Then, J. can be simply defined
as

b* + 12 0 0
Jo ~ 0 2412 0 (10)
0 0 b + ¢?

The detailed calculation of inertial matrix A, refers
to [7].

To facilitate the derivation, Eq. (8) can be depicted in the

form of
P.| [A1 Ay || Ve
A P [ R

where A; (i=1,2,3,4) is the third-order submatrix of
[Aa +Ar]

Let T, ({c 6. wc) be the transformation matrix from
Y, to X, then the gravity is expressed as F¢ =
T .[00 mcg]T, where m, is the mass of the parafoil. The
aerodynamic force of the parafoil is composed of aerody-
namic lift and aerodynamic drag, and the auxiliary coordi-
nates are utilized to calculate the aerodynamic force. Let
Te—r (0 0)and Tyy—r (B m —a 0) be the transformation
matrix from X, to X, and X,, to X, respectively. In T,,_,
a and B are the angle of attack and sliding angle, which are

defined as
U
o = tarf1 -
Wq

v
B = tan~! ( 4

V.|

where V, = [ua Vg Wq ]T =T.—r (Ve +V,,) is the airspeed
of the parafoil and V, is the external wind disturbance. Then,
the aerodynamic force is given as

Cpo + CDOtzOl2 + Cps, S5
CygB (12)
Cro + Crea + Cps, 0

F=T1" T, ,0S.

where Cpg, Cp,2 and Cps, are the drag coefficients, Cy,
Cry and Cps, are the lift coefficients, Cyg is the side -
force coefficients, S, is the characteristic area of the parafoil,
and Q = 0.5p|V,|? represents the dynamic pressure, respec-
tively. &; is the symmetric deflection and is defined as
8 = min {8g, 81} [25], where g and §; are the deflec-
tion control of the right and left trailing edge, respectively.
With the aerodynamic derivative coefficients Cjg, Cj, etc.,
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the aerodynamic moment MY is defined as

M =T! T, ,0S.
b
b <C1ﬁﬂ + o A (Cippe + Clrrc) + Czaa(sa)
C C
X c| Cuo + Gt + ——— ) |Va| mq‘])

b
(Cnﬂﬂ vl 2|V, (Cnpp + Cnrr) + Cns,8a
(13)
where §, = &1 — &g is the asymmetric deflection.
In %, F¢ is defined as F¥ = F'% + F/ with Fi, and
F! are the tensions acting on Cg and Cp, respectlvely Let

I, be the distance from C,, to O., the moment produced by
suspension lines is given as

M = Leg x F'% + L x F, (14)
where
0 0
Le =T/, |1 |+]0],
K I
0 0
Lo =T/ ,| - |+]|0 (15)
0 I

are the position of C and Cr, in X, respectively. Substituting
Eq. (15) into Eq. (14), we obtain

0 0
M= |TL, | 1 |+]0]]xFg
le |
0 [0
+ (-1, 1|+ 0| xFY
0] |t
0 0
=T, | 1| % (F—F) +| 0 | x (Fg +Fs)
0 le
0 0
= TcT—p l 2 (TC—P (FZ? - FieL)) +10|x Fi‘e
0 le

(16)

Ill. CONSTRAINT ANALYSIS AND DYNAMIC MODELING
OF THE PPF

Eq. (2) and (7) give the basic motion equations of the PPF,
and it is sufficient to establish a six DOF dynamic model
of the PPF without considering the relative motion between
the payload and parafoil. However in eight DOF dynamic
model, the constraints, including velocity constraint, angular
rate constraint and force constraint should be considered and
dealt with.

A. VELOCITY CONSTRAINT

The payload has the relative pitch and yaw motions to the
parafoil. According to Fig. 2, the middle point C,, of sus-
pending points Cg and Cp is fixed to both X, and X,
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and the velocity of C,, can be defined respectively as

Vee = Ve + @c X L

(17)
Ve =Vp +wp x Lpe

where L., = [O 0 lc] and Ly, = [O 0 -1l ] are the
positions of Cy, in X and X, respectively.If we redefine V.
and V) in X;, Eq. (17) can then be rewritten as

T]T_C (Ve +we x Lee) = TIT_[, (Vp + wp X ch) (18)
Differentiating Eq. (18) gives

lelc (we X (Ve + we X Lee)) + T[T7c (Vc + @¢ X Lcc)

= T,T,p (a)p X (Vp + wp X ch))+T,T,p (Vp + @)y X ch)
(19)
which can be reformulated as
Ve + @ x Lee =T, (V) +a')p x Lyc)
= —we X (Ve + @ xLe) + T, (0p x (Vp+wp x L))
(20)

This gives three equations of the velocity constraint.

B. ANGULAR RATE CONSTRAINT
According to the principles of theoretical mechanics,
the angular rate constraint of the PPF is given as

Pp pe 00 —sin@) ][0
g | —Te—p | qc | = 01 0 O'r 21
p Te 00 cos(6,) Yy

where 6, and ¥, are relative pitch angle and relative yaw
angle, respectively. To facilitate the constraint analysis,
Eq. (21) can be reformulated as

0 Pc
dp | — T, p | e
Tp re
-1 0 —sin(6,) 0
=] 0 1 0 0,
0 0 cos(6) U,
-1 0 —sin(6,) Dp
+1 0 1 0 0
0 0 cos (6,) 0
-1 0 —sin(6,) Pp
=10 1 0 0, (22)
0 0 cos(6) U,
which is equivalent to
Pp
0,
vy
0 0 —sin@)] ' ([0 Pe
=10 1 0 qdp | — Tc—p qc
0 O cos (6;) Tp Te
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-1 0 —tan(6,) 0 Pe
=10 1 0 gp | = Te—p | 4c
0 0 1/cos(6;) Tp e

The first row of Eq. (23) can be rewritten as
cos (V) sin (Y,)
0s 6 7¢ T Cos (o) ¢
= ¢os (6;) pp = —sin (0,) rp + cos (Y,) pe + sin (¥;) ¢
(24)

pp = —tan(6,) rp +

Differentiating Eq. (24) we obtain
_ér sin (er)pp + cos (Gr)pp
= —0, cos (6,) r, — sin (6,) i, — Y, sin (¥,) pe
+ cos (¥r) Pe + Yy €08 () ge + sin (¥r) g (25)

which also is

K1 — Koo = Kz, + Kgor, (26)
where

Ki = [ cos (6,) 0 sin (9,)]

Ks = [ cos () sin () 0]

Ks = [ 6, sin(6,) 0 —6, cos (9,)]

Ky = [ =9 sin (¥) iy cos (9) 0]

This gives the angular rate constraint.

C. FORCE CONSTRAINT
According to Newton’s third law, the forces acting on the
suspending points Cg and Cy, are described as

T T
FéeR =T —pF]taeR’ FZeL =T —pF;th
= F =T Fy 27)

Therefore, the effect of the difference between tensions
expressed in Eq. (6) and Eq. (16) can be reformulated

0
L] x (i — i)
0

o0 o 1
- __o 8 8 (F;eR—F;fL)
1 0
=10 O
0 1
= [E] 2 méei| (28)
0
| % (Tep (Feg — Fe7))
o 0 [ ( )
=—lo o of(r-¥e
-1 0 0 "
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(29)

where Ej = [100]" and E; = [001]". m® and m®
are the first and third terms of the moment M;fd produced by

(Fic, — F<,) and M, is defined as

0

M = | 1] x (F;“R _ F;fL) (30)
0

The configuration of the PPF allows relative yawing motion
about the z.-axis, and the moment due to the tensions is given
in Eq. (16). We assume that mﬁez, which is the third term
of Mf, is proportional to ¥, ¥, and the third component
of Fi¢. Then, m, can be described as

m¢=[0 0 1]MF
T T m;e 0 te
=E, —TC_p [E] Ez] mée + lO x F,
C
= — (kFfy, + ciy) (31)

where k and c are positive constants, and F' éﬁ is the z.-axis
component of F%. Eq. (31) can be rewritten as

E] (S (IE2) — kyr) T Fy

te .
FEITL [ ) | TR = el o2
Z

m

where S(-) : R3 — s0(3) transforms a vector into a
skew-symmetric matrix, such that x x y =S (x) y for any
x, y € R3. This gives one equation of the force constraint.

D. DYNAMIC MODEL OF THE PPF
Substituting Eq. (3) and Eq. (11) into Eq. (2) and Eq. (7),
respectively. Then we obtain

ApVp + wp x AV, =F4 + FS + F) + FY (33)

te
de)p—i—a)p x Jywp = [E] Ez] [Zfe:| — IS (Eg) F;e (34)
Z
A1V etArire+we x (A Ve+Arw.) =F*+FS +F'
A3V + Agioe + Ve x (A1 Ve + Aro,)

+we. X (A3V,: + Agw,)

=M —17 ([E1 E] e ~|—ZS<ET>F’e (36)
c c—p mée ¢ 2 c

(35)

Letx = [V,, p Ve o Fi¢ ml¢ ml ]T be the time derivative
of the states, then we have 17 equations with Eq. (33), (34),
(35), (36), (20), (25) and (31) to calculate the states.

In summary, the motion of equations of the PPF can be
described as

x=M"'F (37)
where M and F are defined in Eq. (38) and Eq. (39), as shown
at the bottom of this page.

The eight DOF dynamic model of the PPF is obtained by
applying the constraints of Eq. (19) and (21). The auxiliary
states, Fi¢, m¢ and m, which are useful in mechanical anal-
ysis, are calculated at the same time.

IV. NUMERICAL SIMULATION AND ANALYSIS

The dynamic model of the PPF is established for numerical
simulation of the practical equipment. The basic motion char-
acteristics, including translational and rotational motions,
can be primarily investigated through numerical simulation.
The characteristic parameters of the concerned PPF and the
aerodynamic parameters of the parafoil are listed in Table 1
and Table 2.

A 03x3 03x3 03x3 —1I3 O3x1 03x1
03x3 Jp 03x3 03x3 S (1,Er) —E —E
03x3 033 A Az T, 03x1 03x1
M = | 0O3x3 03x3 A3 Ay SUENTL, T B T E (38)
17, TL,S(Ly) I =S (Lee) 03x3 03x1 03x1
01x3 K; 01x3 K> 01x3 0 0
L 013 01x3 01x3 O1x3 —E{ (SUE) —ky) T, —-E{T.,E —E[T. E; |
—S (wp) ApV) + F4 + FS + F ]
=S (“’p) Jpwp
—S (wc) (A1 Ve + Arw,) + F4 4+ FS
F=1_-S(V.)@AV:+Arw) — S () (A3V, + Asgw,) + M (39)
—S (@) (Ve + 8 (@) Lee) + TS (@p) (Vp + S () Lipe)
Kg.,a)p + Ky,
| ¢y _

12960
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TABLE 1. Characteristic parameters of the PPF.

Symbol | Description Value

b Wing span 11.18/m
c Mean aerodynamic chord 2.23/m
t Thickness 0.34/m
n Rigging angle -7/°

Se Wing area 24.97/m?
le Oc¢ t0 Om 6.28/m
lp Om to Op 0.5/m

l Om to Or(Op) 0.25/m
me Mass of parafoil 6.9/kg
myp Mass of payload 76.5/kg
Sp Payload area 0.6/m?

TABLE 2. Aerodynamic parameters of the parafoil.

Symbol Value Symbol Value
Cpo 0.13 Cha 1.11
Cps, 0.58 Cyg -0.46
CrLo 0.50 CLa 3.51
Crs, 0 CrLg 0

Cip 0.42 Cir 0.00
Cis, 0.002 Cmo 0.19
Cma -0.04 Cing -2.00
Chnp 0.00 Chnp 0.00
Chr -0.14 Chrs, -0.02

A. STEADY FLIGHT

The PPF will operate in a steady state without manipula-
tion. In this section, the initial velocity condition is set as
V.=V, = [8.3 0 1.2] m/s and the Euler angles are set to
be zero. Fig. 3 and Fig. 4 show the time responses of the
velocity and attitude of the PPF. From Fig. 3, it can be seen
that vy, maintains O m/s since there is no turning manipulation.
Combining Fig. 3 and Fig. 4, we see that the horizontal
and vertical velocities along x, and z,-axis converge to the
specific value, respectively. And the Euler angles also obtain
steady states after oscillations. After a period of regulation,
the velocity of the PPF along x, and z, axis, v, and v,, main-
tain at 8.23 m/s and 1.27 m/s, respectively. Fig. 4 illustrates
that the Euler angles and the relative rotation angles. The

Velocity(m/s)
wn

0 20 40 60 80 100
Time(sec)

FIGURE 3. Velocity of steady flight.
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FIGURE 4. Euler angles of steady flight.

pitch angle 6, oscillates in 50 s and then maintains the value
of 5° until the end, while the relative pitch angle 6, maintains
-4.69° after 31 s.

B. DEFLECTION CONTROL

The flight direction of the PPF is regulated by the deflection
of trailing edge. The left trailing edge is pulled down steadily
and &7 is set as 30% at 20 s. Therefore, the PPF turns
left due to the deflection control. The corresponding motion
characteristics are shown in Fig. 5 - Fig. 7. Fig. 5 indicates
the velocity in %,. The horizontal trajectory of the PPF is a
circle. Therefore, the velocities along x, and y, after 20 s is
sine-wave shaped. Actually, the magnitude of the horizontal
velocity remains the same with steady flight without wind
disturbance. The Euler angles of the PPF are shown in Fig. 6.
According to Fig. 6, the final values of 6. and v, are the
same with those of the steady flight, respectively. ¢, main-
tains 3.18° and v, converges to zero after oscillation. The
responses of different §; of 30%, 50% and 80% are shown
in Fig. 7. The radii of the circular trajectories are 254.5 m,

Velocity(m/s)

0 20 40 60 80 100
Time(sec)

FIGURE 5. Velocity of deflection control (Left, 30%).
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FIGURE 6. Euler angles of deflection control (Left, 30%).
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FIGURE 7. Turning response of different deflection control.

152.3 m and 94.3 m, respectively. Fig. 7 shows that v/ and 5,
are positively correlated.

In the control of the PPF, the asymmetric deflection of
dr and &, correspond to the turning and direction manipu-
lation, while the symmetric deflection control of §g and §y,
mainly control the longitudinal dynamics. This characteristic
provides the parafoil-based aero vehicles the flare-landing
capability, also called soft-landing. Fig. 8 - Fig. 9 show
the velocity and attitude response of flare-landing control
with §g and §; reaching their maxima at 20 s. As shown
in Fig. 8, the horizontal velocity maintains 4.54 m/s after
4.02 s of flare-landing control, and then maintains 5.03 m/s
after 21.5 s. The vertical velocity increases to 2.08 m/s at
23 s after a short time of decrease. If we pull down the
trailing edge to the maximum 1.43 s before landing, then we
obtain the landing velocity of 5.23 m/s in horizontal direction
and 0.61 m/s in vertical direction, which are much lower
than that of steady flight. It means that the PPF can achieve
soft-landing with low reluctant velocity which will cause
little or even no damage to the equipment. Fig. 9 illustrates the
attitudes of flare-landing. The pitch angle increases rapidly
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FIGURE 8. Velocity of flare-landing.
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FIGURE 9. Euler angles of flare-landing.

from 5° to 16.7° at the beginning and oscillates from 16.7° to
-4.5° only within 3.1 s. The steady values of pitch angle and
relative pitch angle are both alleviated due to flare-landing.

The coupling between the longitudinal and lateral control
is an important factor to be addressed in dynamic analysis.
The coupling effect of the deflection on the longitudinal
dynamics is shown in Fig. 10. The thrust of 50 N and 47, of
20%, 40% and 60% are added to simulation at 20 s. It is clear
that the deflection has a limited impact on the longitudinal
velocity. Therefore, the coupling factor is ignored in the
design of longitudinal controller.

C. THRUST CONTROL

The thrust provided by the propeller is another control input
for the PPF, which is applied to control longitudinal position.
Fig. 11 and Fig. 12 show the velocities and Euler angles of the
PPF with thrust input. Fig. 11 shows the velocity response
of 50 N thrust. The lateral velocity v, is almost constant
after 24.6 s of vibration. However, the longitudinal velocity
decreases from 1.27 m/s to 0.75 m/s, with a transient time
of 33.5 s after the thrust is added. According to Fig. 12,
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FIGURE 10. Coupling effect of deflection on longitudinal control.
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FIGURE 11. Velocity of thrust control.
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FIGURE 12. Euler angles of thrust control.

the relative pitch angle also stays unchanged compared with
Fig. 4, while the pitch angle increases to 8.8°.

The longitudinal motion responses of different thrusts are
illustrated in Fig. 13. For the given model, the thrust of
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123.2 N can make the PPF fly at a fixed altitude. As shown
in Fig. 13, the altitude of the PPF decreases with the thrust of
50 Nand 90 N, and increases with the thrust of 130 N.
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FIGURE 13. Altitude of different thrust control.

Since the thrust input affects the pitch angle, the thrust
interacts with the deflection control. The horizontal responses
of different thrust inputs with §; = 30% are shown in Fig. 14.
The radii of the horizontal trajectories are 254.6 m, 252.4 m
and 243.3 m, corresponding to the thrust of 50 N, 90 N and
130 N. It is concluded that the longitudinal control affects the
lateral control

350 T T T T T

300

250

0 50 100 150 200 250 300
x,(m)

FIGURE 14. Coupling effect of thrust on lateral control.

D. WIND RESPONSE

The mean geometric density of the parafoil is close to the air.
As a result, the PPF is sensitive to the wind. In this section,
the wind speed is set to be V,, = [ 3 -2 O] m/s and is added
to the model at 20 s. And the deflection is set to be 30% on
the left. Fig. 15 shows the trajectory of the PPF subject to the
wind. It is shown that the trajectory becomes a curve which
is in line with the wind direction, instead of a circle. Fig. 16
illustrates the velocity of the PPF. Compared with Fig. 6,
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Fig. 17 shows that the pitch angle is substantially affected by
the wind.
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FIGURE 15. Trajectory of the PPF in wind.
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FIGURE 16. Velocity of the PPF in wind.
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FIGURE 17. Euler angles of the PPF in wind.
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V. VALIDATION OF THE PROPOSED MODEL

To evaluate the validity of the dynamic model, the numerical
simulations are carried out and the results are compared with
the experimental data.

The experimental data of a free flight test, which
was implemented for the model validation, is shown
in Fig. 18 - Fig. 20. The initial condition of the simulation is
set according to the experimental data. As mentioned above,
the dynamics of the PPF is very sensitive to the wind. While
in reality, the wind speed is time-varying at low altitudes and
it is hard to measure. Therefore, the wind is assumed to be
constant and the mean wind speed is used in the simulation.
Fig. 18 shows the horizontal trajectory of the experimental
and the simulated data. The corresponding simulation lasts
for 65 s. The simulated trajectory is a little different from
the practical trajectory. However, the difference is acceptable.
Fig. 19 shows the velocities in X,. According to Fig. 19,
the calculated velocities are quite close to the corresponding
experimental ones with similar low-frequency components.
The comparison of Euler angles are shown in Fig. 20. The
numerical simulation agrees with that of the experimental
data.
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FIGURE 18. Horizontal trajectory of the flight test.
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FIGURE 19. Velocity of the flight test.
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FIGURE 20. Euler angle of the flight test.

In summary, the results indicate that the developed model
matches the practical dynamics well.

VI. CONCLUSION

To achieve the precise simulation of the PPF, the nonlinear
model based on Lagrangian equations and dynamic con-
straints was proposed. The model was obtained as a state-
vector equation by eliminating all the internal forces and
the detailed motion equations were derived and presented.
The numerical simulations were performed based on the pro-
posed model to investigate the dynamic characteristics and
the control ability. The simulation results with deflection in
the presence of wind disturbance indicate the unique charac-
teristics of the PPF. Moreover, the lateral and the longitudinal
dynamics are coupled in control. In particular, the PPF has
the soft-landing capability and the model was implemented
to derive the proper altitude for landing control. The numer-
ical simulation results were compared with the experimental
data, which indicates that the developed model describes the
dynamics of the PPF considerably well. This can provide a
solid foundation for further aerodynamic identification and
control development.

REFERENCES

[1] S. Lee and A. Arena, “Autonomous parafoil return-to-point vehicle for
high altitude ballooning,” in Proc. AIAA Guid., Navigat., Control Conf.,
Jan. 2014, pp. 1-15.

[2] S.Z. Luo, Q. L. Sun, W. N. Wu, M. W. Sun, Z. Q. Chen, and Y. P. He,
“Accurate flight path tracking control for powered parafoil aerial vehicle
using ADRC-based wind feedforward compensation,” Aerosp. Sci. Tech-
nol., vol. 84, pp. 904-915, Jan. 2019.

[3] S. Z. Luo, Q. L. Sun, M. W. Sun, P. L. Tan, W. N. Wu, H. Sun, and
Z. Q. Chen, “On decoupling trajectory tracking control of unmanned
powered parafoil using ADRC-based coupling analysis and dynamic feed-
forward compensation,” Nonlinear Dyn., vol. 92, no. 4, pp. 1619-1635,
Jun. 2018.

[4] J. Tao, Q. L. Sun, P. L. Tan, Z. Q. Chen, and Y. P. He, “Autonomous
homing control of a powered parafoil with insufficient altitude,” ISA
Trans., vol. 65, pp. 516-524, Nov. 2016.

[5] P. L. Tan, Q. L. Sun, E. L. Zhu, and Z. Q. Chen, “Active disturbance
rejection control design for trajectory tracking of parafoil and payload
system,” J. Comput., vol. 27, no. 2, pp. 59-66, 2016.

[6] N. Slegers, A. Brown, and J. Rogers, “Experimental investigation of
stochastic parafoil guidance using a graphics processing unit,” Control
Eng. Pract., vol. 36, pp. 27-38, Mar. 2015.

VOLUME 8, 2020

[7] P. L. Tan, Q. L. Sun, and Y. X. Jiang, ‘“Characteristic model-based gen-
eralized predictive control and its application to the parafoil and payload
system,” Optim. Control Appl. Methods, vol. 40, no. 4, pp. 659-675, 2019.

[8] V. Devalla, A. K. Mondal, A. J. Arun Jeya Prakash, M. Prateek, and
O. Prakash, “Guidance, navigation and control of a powered parafoil aerial
vehicle,” Current Sci., vol. 111, no. 6, pp. 1045-1054, Mar. 2017.

[9]1 M. Watanabe and Y. Ochi, “Linear model of a powered paraglider and
observer design,” in Proc. Int. Conf. Instrum., Control Inf. Technol., Tokyo,
Japan, Aug. 2008, pp. 2135-2140.

[10] N. Slegers and M. Costello, “Model predictive control of a parafoil and
payload system,” J. Guid., Control, Dyn., vol. 28, no. 4, pp. 816-821,
Jul. 2005.

[11] H. Sun, Q. L. Sun, W. N. Wu, S. Z. Luo, and J. Tao, “Flexible modelling
and altitude control for powered parafoil system based on active distur-
bance rejection control,” Int. J. Syst. Sci., vol. 50, no. 12, pp. 2385-2408,
Sep. 2019.

[12] H. Sun, Q. L. Sun, J. Tao, S. Z. Luo, and Z. Q. Chen, “A hybrid control
approach for powered parafoil combining active disturbance rejection
control and unbalanced load compensation,” Proc. Inst. Mech. Eng. I, J.
Syst. Control Eng., vol. 232, no. 3, pp. 299-314, Mar. 2018.

[13] P.L. Tan, Q. L. Sun, and Z. Q. Chen, “Application of active disturbance
rejection control in trajectory tracking of powered parafoil system,” J. Zhe-
Jjiang Univ. (Eng. Sci.), vol. 51, no. 5, pp. 992-999, 2016.

[14] P. L. Tan, S. Z. Luo, and Q. L. Sun, “Control strategy of power parafoil
system based on coupling compensation,” Trans. Beijing Inst. Technol.,
vol. 39, no. 4, pp. 378-383, 2019.

[15] J.Tao, M. Dehmer, G. Xie, and Q. Zhou, “A generalized predictive control-
based path following method for parafoil systems in wind environments,”
IEEE Access, vol. 7, pp. 42586—42595, 2019.

[16] N. Slegers, J. Kyle, and M. Costello, ‘‘Nonlinear model predictive control
technique for unmanned air vehicles,” J. Guid., Control, Dyn., vol. 29,
no. 5, pp. 1179-1188, Sep. 2006.

[17] N. Slegers and O. A. Yakimenko, ““Optimal control for terminal guidance
of autonomous parafoils,” in Proc. 20th AIAA Aerodyn. Decelerator Syst.
Technol. Conf. Seminar, Seattle, Washington, USA, 2009, p. 2958.

[18] H.Yang,L.Song, W.J. Wang, and J. Huang, ““4-DOF longitudinal dynamic
simulation of powered-parafoil,” J. Beijing Univ. Aeronaut. Astronaut.,
vol. 40, no. 11, pp. 1615-1622, 2014.

[19] Y. Gang, “Nine-degree of freedom modeling and flight dynamic analysis
of parafoil aerial delivery system,” in Proc. Asia—Pacific Int. Symp. Aerosp.
Technol., vol. 99, Sep. 2014, pp. 866-872.

[20] E. Mooij, Q. G. J. Wijnands, and B. Schat, *“9 DoF parafoil/payload sim-
ulator development and validation,” in Proc. AIAA Modeling Simulation
Technol. Conf. Exhibit, Austin, Texas, USA, 2003, p. 5459.

[21] R. Guo, Q. B. Zhang, and Z. W. Feng, “Dynamic modeling and simula-
tion of powered parafoil airdrop process,” in Proc. 5th Int. Conf. Mech.,
Automot. Mater. Eng. (CMAME), Guangzhou, China, 2017, pp. 234-239.

[22] S. Muller, O. Wagner, and G. Sachs, “A high-fidelity nonlinear multibody
simulation model for parafoil systems,” in Proc. 17th AIAA Aerodyn.
Decelerator Syst. Technol. Conf. Seminar, Monterey, CA, USA, 2003,
p. 2120.

[23] S. McCann, W. S. Ricci, T. Wendt, B. Brocato, and R. Benney, ‘“‘Leaflet
delivery system,” in Proc. 17th AIAA Aerodyn. Decelerator Syst. Technol.
Conf. Seminar, Monterey, CA, USA, 2003, p. 2139.

[24] C. Redelinghuys, “A flight simulation algorithm for a parafoil suspending
an air vehicle,” J. Guid., Control, Dyn., vol. 30, no. 3, pp. 791-803,
May 2007.

[25] M. Watanabe and Y. Ochi, ‘““Modeling and simulation of nonlinear dynam-
ics of a powered paraglider,” in Proc. AIAA Guid., Navigat. Control Conf.
Exhibit, Honolulu, HI, USA, 2008, p. 7418.

[26] E. L. Zhu, Q. L. Sun, P. L. Tan, Z. Q. Chen, X. F. Kang, and Y. P. He,
“Modeling of powered parafoil based on Kirchhoff motion equation,”
Nonlinear Dyn., vol. 79, no. 1, pp. 617-629, Jan. 2015.

PANLONG TAN received the B.S. and M.S.

degrees in automation and control theory and con-

trol engineering from the Tianjin University of

Technology, Tianjin, China, in 2010 and 2013,

respectively, and the Ph.D. degree in control sci-

ence and engineering from Nankai University,

Tianjin, in 2016. He is currently a Postdoctoral

Researcher with the College of Artificial Intel-

ligence, Nankai University. His current research

interests include the active disturbance rejection
control and modeling and control of flexible spacecraft.

12965



IEEE Access

P. Tan et al.: Dynamic Modeling and Experimental Verification of PPF With Two Suspending Points

MINGWEI SUN received the B.S. degree in traffic
signal and control from Northern Jiaotong Uni-
versity, Beijing, China, in 1995, and the Ph.D.
degree in control theory and control engineering
from Nankai University, Tianjin, China, in 2000.

From 2000 to 2008, he was a Flight Con-
trol Engineer with the Beijing Electro-mechanical
Engineering Research Institute, Beijing. Since
2009, he has been with Nankai University, where
he is currently a Professor with the College of
Artificial Intelligence. His research interests include flight control, guidance,
model predictive control, active disturbance rejection control, and nonlinear
optimization.

QINGLIN SUN received the B.S. and M.S.
degrees in control theory and control engi-
neering from Tianjin University, Tianjin, China,
in 1985 and 1990, respectively, and the Ph.D.
degree in control science and engineering from
Nankai University, Tianjin, China, in 2003.

He is currently a Professor with the College of
Artificial Intelligence, Nankai University. He has
published more than 100 peer-reviewed articles.
His research interests include adaptive control,
modeling and control of flexible spacecraft, complex systems, and embedded
control systems and their applications.

12966

ZENGQIANG CHEN received the B.S. degree
in mathematics and the M.S. and Ph.D. degrees
in control theory and control engineering from
Nankai University, Tianjin, China, in 1987, 1990,
and 1997, respectively.

Since 1990, he has been with Nankai University,
where he is currently a Professor with the College
of Artificial Intelligence. He has authored or coau-
thored more than 200 journal articles in his main
areas of research, which are adaptive control,
predictive control, intelligent control, and nonlinear control.

VOLUME 8, 2020



	INTRODUCTION
	MOTION EQUATIONS
	COORDINATE CONFIGURATION
	MOTION EQUATIONS OF THE PAYLOAD
	MOTION EQUATIONS OF THE PARAFOIL

	CONSTRAINT ANALYSIS AND DYNAMIC MODELING OF THE PPF
	VELOCITY CONSTRAINT
	ANGULAR RATE CONSTRAINT
	FORCE CONSTRAINT
	DYNAMIC MODEL OF THE PPF

	NUMERICAL SIMULATION AND ANALYSIS
	 STEADY FLIGHT
	DEFLECTION CONTROL
	THRUST CONTROL
	WIND RESPONSE

	VALIDATION OF THE PROPOSED MODEL
	CONCLUSION
	REFERENCES
	Biographies
	PANLONG TAN
	MINGWEI SUN
	QINGLIN SUN
	ZENGQIANG CHEN


