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KEYWORDS Abstract With the consideration of rotation between canopy and payload of parafoil system, a
Dynamic model; four-degree-of-freedom (4-DOF) longitudinal static model was used to solve parafoil state variables
Motion mode; in straight steady flight. The aerodynamic solution of parafoil system was a combination of vortex
Parafoil; lattice method (VLM) and engineering estimation method. Based on small disturbance assumption,
Small-disturbance theory; a 6-DOF linear model that considers canopy additional mass was established with benchmark state
Stability calculated by 4-DOF static model. Modal analysis of a dynamic model was used to calculate the

stability parameters. This method, which is based on a small disturbance linear model and modal
analysis, is high-efficiency to the study of parafoil stability. It is well suited for rapid stability anal-
ysis in the preliminary stage of parafoil design. Using this method, this paper shows that longitu-
dinal and lateral stability will both decrease when a steady climbing angle increases. This

explains the wavy track of the parafoil observed during climbing.
© 2017 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org
licenses/by-nc-nd/4.0/).

1. Introduction data, the longitudinal static and dynamic stability of the paraf-
oil system were analyzed with the help of the 3-DOF dynamic
model. Before long, Goodrick built a 6-DOF model to evalu-

The stability of a parafoil is a significant research field because ) ! - X
ate the parafoil’s dynamic stability and to simulate the

it is a very important component of flying quality. The stability
and the maneuverability of the parafoil were studied by Good- ~ tesponse with flap controls. Using the same dynamic model,
rick in his early literatures.' * He established a longitudinal ~ Goodrick explored how scale affected the dynamic character-
three-degree-of-freedom (3-DOF) model in 1975. Using tunnel istics of a parafoil.
In the 1970s, Nicolaides collected and organized a compre-
_— _ hensive set of parafoil wind tunnel data that was used in the
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Peer review under responsibility of Editorial Committee of CJA. on other analysis methods, which can show the trim state and
static stability graphically in pictures.” The other studies on
b parafoil stability were either about static stability or based
ELSEVIER Production and hosting by Elsevier on dynamic simulation.” '" Parafoil static stability analysis
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was a rapid and intuitive method, but it can only give the
motional tendency of the parafoil after a disturbance.
Although dynamic simulation can simulate all the motor pro-
cesses with which the motion convergence can be judged, it
needs complex numerical calculations without any quantitative
parameter.'” !’

In this paper, a longitudinal static model was used for solv-
ing parafoil state variables in a steady straight flight. This
model has four degrees of freedom in the longitudinal plane
due to the consideration of the relative motion between the
canopy and the payload. Small disturbance linear equations
were also presented to analyze the stability of the parafoil in
a steady straight flight. The longitudinal and lateral stability
will worsen when the steady climbing angle becomes larger.
The conclusion nicely supports the phenomenon of decreased
stability that occurs during climbing in test flights of a powered
parafoil. The relative position between the canopy and the
payload significantly affects the stability of the whole system.

2. Analysis model

2.1. Summary of parafoil system

A powered parafoil with a NACA4415 airfoil and a rectangu-
lar flat shape was studied in this paper. The mass of its payload
is 1 kg. All suspension lines joined to two bilateral symmetry
points, collectively named J;, at the end. Through two ropes,
point J; was connected to the payload lashing points named
J>. The electrical motor-propeller system on the cylindrical
payload provided the driving force T for the parafoil. Because
the canopy remained tight during most of the time in motion,
the barycenter of the canopy was replaced by a fixed point O;.
The point O, was regarded as the barycenter of the payload.
The mass of the suspension lines was ignored because of their
small value. All sizes of the parafoil system are shown in Fig. 1
and are explained in Table 1.

2.2. Model of aerodynamic force

Aerodynamic force was divided into the following three parts
to be calculated. Lift and induced drag were solved by numer-
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Fig. 1 Geometric profile of a parafoil.

Table 1 Parameters of parafoil.

Meaning of symbol Value

Distance between two barycenters of canopy and payload 2
lo102 (M)

Angle between /10, and airfoil chord line 7 (°) 75
Length of airfoil chord ¢¢horg (M) 0.7
Length of wing span bgp,, (m) 1.5
Inlet height of open airfoil nose /e (M) 0.07
Dihedral between adjacent sections Afgi, (°) 5
Height of payload £ (m) 0.4
Diameter of payload d (m) 0.1
Distance between two lashing points on payload w;, (m) 0.2

Vertical distance between driving force and lashing point  0.12
on payload /i (m)

Vertical distance between payload barycenter and lashing 0.3
point on payload /o, (m)

Length of single rope between J; and J, (J; and J, are joint 0.1
points of suspension lines shown in Fig. 1) /y (m)

Canopy areal density p (kg/m?) 0.09

ical method based on potential flow theory. Drag independent
of lift was calculated by an engineering estimation. Additional
mass force was also estimated by an engineering method.

2.2.1. Lift and induced drag

Due to the inflated canopy and the tight suspension lines, the
whole parafoil system could be regarded as a rigid body in
steady flight. There were two properties of the flow field
around the parafoil. First, the flow field without large separa-
tion was very similar to that of a normal airfoil at a small angle
of attack. Second, there was almost no airflow inside the
canopy after its inflation.

Because of the potential flow around the canopy and the
isolation between the inside and outside of the canopy, the vor-
tex lattice method (VLM) was applied to solving the lift and
induced drag of the canopy.

Lift, induced drag and other relevant moments were calcu-
lated using the open source program Tornado coded by
Melin.'® Similar open source program was also effectively used
by Song lei in his dynamic stability research on low speed
aircraft.'”?’

2.2.2. Other types of drag

In addition to the induced drag, the parafoil drag also con-
tained canopy zero lift drag coefficient Cpg, suspension line
drag coefficient Cp;, and payload drag coefficient Cpy,.

(1) Canopy zero lift drag coefficient Cpg

Basic airfoil drag, surface irregularities and fabric
roughness, open airfoil nose, and drag of pennants
and stabilizer panels were all zero lift drag sources.”’
A detailed list is included in Table 2.

(2) Suspension line drag coefficient Cp,
Because every suspension line has a cylindrical shape,

the drag coefficient, whose reference area is the wind-
ward area, was approximately equal to 1 if the Reynolds



1672

H. YANG et al.

Table 2 Components of canopy zero lift drag coefficient.

Zero lift drag type Drag coefficient

0.015

Basic airfoil drag
Surface irregularities and fabric roughness  0.004
Open airfoil nose 0.5hin1et/Cchora = 0.05
Drag of pennants and stabilizer panels 0.001

number was in the range of 100-100000. Therefore, the
usual sense drag coefficient, whose reference area is wing
area, can be calculated as follows:
A
Cp = El (1)
where A, is the projected area of suspension lines in the

direction of incoming flow, and S the canopy area.

(3) Payload drag coefficient Cp,,
The drag coefficient estimation method of payload is the
same as that of the suspension lines because of the
cylinder-shaped payload. The drag coefficient of pay-
load can be calculated as follows:

Cop =2 &)

where 4, is the projected area of payload in the direction of
incoming flow.

2.2.3. Apparent mass force

The apparent mass has a strong effect on the flight dynamics of
lightly loaded flight vehicles such as parafoils. It is always
expressed as a 6-order matrix, which includes 3 translational
mass elements, 3 rotational inertia elements and several cou-
pled elements. If a body has three orthogonal symmetry planes
such as a spheroid, its apparent mass matrix can be simplified
to 3 translational mass elements and 3 rotational inertia ele-
ments. These simplified elements generally come as m,, mgp,
me, 14, 1g, Ic (Fig. 2, a is the height of canopy arch, b is the
length of canopy span, c is the airfoil chord length, ¢, is the air-
foil thickness). ‘u, v, w’ and ‘p, ¢, r’ are translational and rota-
tional velocities of ellipsoidal canopy in the direction of ‘X, Y,
7 axis. Kinetic energy of canopy apparent mass E is shown as
Eq. (3), while impulse and impulsive moment of apparent mass
I and I, are presented as Eq. (4). Apparent forces and
moments acting on canopy are expressed as Eq. (5).

1
E=3 (mal® + mpy® + mew* + Lip* + Ipq* + Icr?) G)
OF OF OE|T T
=15 5 ol = [mqu mgy mew]
4
OF OF 9E|" T @
M= 871787({5 :[[Ap IBq I(‘V]

Fig. 2 Definition of canopy apparent mass.

dIr ol
Fp==gr =% —oxlr
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The expanded form of Eq. (5) is as follows:

—mutl — qWm e + rvimg

F.pp = | —mpy — rumy + pwme
—meW — pvimyg + qum (©)
—Lip —qr(lc — Ip)
Moo = | —1pg — pr(lq —Ic)

—Icr —PCI(IB - IA)

where F,p, is the canopy apparent force, M,,, o the canopy
apparent moment. For a briefer dynamic model, the canopy
is regarded as a spheroid while the apparent mass is
considered.

Lissaman proposed an engineering estimation method for
the parafoil apparent mass with the assumption of a spheroid
canopy.” This method expresses the canopy apparent mass
matrix by 4 geometric parameters including wing span ‘b,
canopy arch height ‘@’, chord length ‘¢’ and airfoil thickness
‘t,’. With the consideration of the canopy geometrical factors,
this estimation method has acceptable accuracy and speed and
is used in the following dynamic modeling. All geometric
parameters and apparent mass results are presented in Table 3.

m, = 0.666 {1 +§ (%)} 2bp
—_— 0.267{:5 22 {1 - (%)2} }cp
- 0.785{1 n z(g)2 {1 - (%)2} }1/2 1 fAbczp

4 5

IA—0.0551+AbSp (7)
A T a2 /t,\ 2

Iy =0. — 1+ =(1+04(=) (&) |

B 003081+A{ e +4) (b) (c)](Sp

2
I = 0.0555 {1 n 8(%) }b%ip

P
c
s =bc

Table 3 Canopy geometric parameters and
apparent mass.

Parameter Value
a (m) 0.138
b (m) 1.57

¢ (m) 0.7

t, (m) 0.105
my (kg) 0.0172
mp (kg) 0.0134
me (kg) 0.6153
14 (kg m?) 0.1095
I (kg m’) 0.0120
Ic (kg m?) 0.0037
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2.3. Dynamic model

A parafoil stability study is always based on a steady flight sta-
tus and focuses on the motional process after a small distur-
bance where the parafoil deformation is very small.
However, the relative position of the canopy and the payload
change a lot between the different steady flight statuses of a
parafoil. In view of the above-mentioned facts, first, a 4-
DOF static model which includes relative rotation between
canopy and payload is used to solve steady flight status param-
eters. Then, 6-DOF dynamic model for a rigid body is used to
study the parafoil motion after a small disturbance.

The earth rotation, earth curvature, atmosphere wind field
and mass of suspension lines are all ignored in the following
modeling process.

2.3.1. Coordinate system

There are 5 right-handed coordinate systems in this paper,
including ground axes, parafoil axes, canopy axes, payload
axes, and wind axes. The definitions of axes are included in
Table 4.

2.3.2. 4-DOF longitudinal static model

The relative rotational angle between the canopy and the pay-
load significantly differs with different straight flight statuses.”’
There are 4 parameters to solve in a 4-DOF static model
(Fig. 3), including the angle of attack o, engine thrust 7, flight
speed ¥, and relative rotation between canopy and payload
Af. Because the canopy and the suspension lines are tight while
in steady flight, the rotation reference point of the canopy and
the payload can be chosen at point J, and point J;. To solve
the 4 state variables (a, T, V, A6), 4 equilibrium equations
are proposed as follows:

Table 4 Coordinate system of dynamic model.

Coordinate X-axis Z-axis

system’s origin

Axes

Ground axes O,: initial Parallel to Downward in
(0.X,YoZ,) position of initial course vertical
parafoil system and horizontal direction
barycenter plane
Parafoil axes Oy, parafoil Parallel to Perpendicular
(OpXp Yo Zp) system airfoil chord to Axis X, on
barycenter line on symmetry
symmetry plane
plane
Canopy axes O;: canopy Parallel to Perpendicular
(01 X1 Y1 Zp1) barycenter airfoil chord to axis Xy; on
line on symmetry
symmetry plane
plane
Payload axes  O,: payload Forward axis  Perpendicular
(02 X2 Y12Z1)  barycenter of payload to axis Xy, on
symmetry
plane
Wind axes 0,: parafoil Parallel to Perpendicular
(0.X.Y.Z,) system velocity to axis X, on
barycenter direction symmetry
plane

L+D +Dy+G +Gyg+T+D,+G,=0
ML,J[ +MD]<J] +MDS%J1 +MG].J] +MG5|,J| +M0 =0 (8)
Mry, +Mp,;, + Mg, 5, =0

where L is the canopy lift, D the canopy drag, D, the payload
drag, Dy the drag of suspension lines, G the canopy gravity,
G, the payload gravity, Gy the gravity of suspension lines.

The first vector expression of Eq. (8) contains 2 equilibrium
equations in X-axis and Z-axis directions. The left two expres-
sions of Eq. (8) show the moment balances of canopy-line sys-
tem and payload system. Symbols like ‘M 4 5" mean a moment
of force A on reference point B.

Based on the 4-DOF static model, a particular engine thrust
leads to a group of state variables («, T, V, A0), which results
in the stability characteristics of a parafoil.

2.3.3. 6-DOF dynamic model

Because the stability characteristics are always analyzed with
the assumption of a small disturbance based on a certain equi-
librium state, the canopy deformation and the relative rotation
between the canopy and the payload are too small to be con-
sidered. Therefore, the following stability research model is
derived from the 6-DOF dynamic model of a rigid body.

The 6-DOF dynamic model always contains the following
equation sets (Egs. (10)-(13)), including the translational
dynamic equation set, rotational dynamic equation set, rota-
tional kinematic equation set and translational kinematic
equation set.

V,
m% =Fyp+ Faero + G
! )

dH
E = app,0 + Fapp X 01 Ob + Maero
(m~+my)u rv(m 4+ mg) — qw(m + mc) ]
(m+mp)v | = | pw(m+mc) — ru(m + my)
(m+ me)w qu(m +my) — pv(m + mp)
- (10)
X —mg sin 0
+| Y| + | mgsin¢cosO
Z mg cos ¢ cos 0 |

Fig. 3 4-DOF static model.
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PIx+pLy —ilzx +qr(Iz — Iy +1c — 1) — pql 45 [ AT Au
qly+qlp+pr(ly—Iz+1i—Ic) =’ Iz +p*lzy Aw — 4 Aw (15)
iy + Pl — plyx+pg(ly — Iy + 1 — 1) +qri,y Ag | Aq

(—=mpVy —rumy +pwme)Z, L AD | A0
— | (=meWw —pymyg+ qum ) X| — (—m it — gwm+ rvmg) Z, - A Ay
(mpV+ rum, — pwme) X, .
L A | (16)
A7 | Ar
-\ A A
N LA |
(11) {Alun =P 0., a7
[¢] [l singtan0 cos¢tan0] [p A = Pyl O
0l =10 cos¢ —sin ¢ q (12)
Ly ] |0 singsecl cosgsech | |r
(X1 [cosOcosy sin¢gsinOcosy —cospsiny cospsinOcosy +singsiny | [ u
Y| = | cosOsiny sin¢sin0siny + cosdcosyy cos@sinOsiny —singcosyy | | v (13)
| Z] | —sin0 sin ¢ cos 0 cos ¢ cos 0 w
m-+my 0 0 0

where V,, is the parafoil velocity, H the parafoil angular 0 m+me 0 0

momentum, G the parafoil gravity, F,., the aerodynamic force Pion = —maZy meXy Iy+1Ip 0

of parafoil, M,, the aerodynamic moment of parafoil, 0,0,

the geometric vector from point O; to point Oy, ¢ the roll 0 0 0 !

angle of parafoil, 0 the pitch angle of parafoil, y the yaw angle Xy X, Xy —wo(m+mc) —mgcos by

of parafoil, L the rolling moment of parafoil, M the pitching Z, Z, Z,+ug(m-+my) —mgsin by

moment of parafoil, N the yawing moment of parafoil. Qion = M, M, M+ (ums X, +womcZ,) 0

2.4. Model of stability analysis 00 ! 0 (18)

2.4.1. Small disturbance linear equations m+mg 0 0 0

Parafo.il dynamic equatiops are very limited except for the mpZi Ie+1, —Iz 0

numerical method that easily simulates the movement process, P, =

but the stability parameters are difficult to find. The linear —mpXy —lzx Iz+1c 0

dynamic model, which is based on a small disturbance theory, 0 0 0 1

contains certain stability parameters solved from the eigen Y, Y,+wo(m+me) Y, —uy(m+my) mgcost

matrix. Wij[h qgantitative parameter's, the stgbility analysis L, L,+wumcZ, L, —ugmyZ, 0

and parafoil design can be more precise and v1sugl. O = No N, —womeX, N+ g, X, 0
Eq. (13) and the last formula of Eq. (12) are independent ! r ’ "

from the parafoil dynamic model, so there are 8 formulas to 0 1 tan 6 0

be linearized with 8 small disturbance variables including Au,
Av, Aw, Ap, Agq, Ar, A¢ and AO. Because the base state is a
steady straight flight, all the lateral variables are zeros at the
very start, such as vy =0, po =0, go=0, rp=0 and
¢o = 0. The disturbance variables of aerodynamic forces are
linearized in Eq. (14). Although the stability characteristics
are focused, the control inputs, such as engine throttle change
or control surface deflection, are discounted in the linear
dynamic model (Egs. (15) and (16)).

AX = X, Au+ X,,Aw + X, Aq

AY =Y,Av+ Y,Ap+ Y,Ar

AZ =Z,Au+Z,Aw+ Z,Aq

AL = L, Av+ L,Ap + L, Ar

AM = M, Au+ M,,Aw + M,Aq

AN = N,Av + N,Ap + N,Ar

(14)

(19)

where X is the X-coordinate of O, 0, on parafoil axes, Y| the
Y-coordinate of O, 0, on parafoil axes, Z; the Z-coordinate of
0, 0, on parafoil axes.

Eqgs. (15) and (16) are linear ordinary differential equations
with constant coefficients that have well-developed theories for
analytical solutions and equation characteristics. Therefore,
the linear dynamic model, which is always separated into a
longitudinal model and a lateral model, is significant for
dynamic analysis, conceptual design and flight control.

2.4.2. Modal analysis

According to the linear ordinary differential equation theory,
the linear dynamic modal characteristics of a parafoil can be
analyzed as follows. The longitudinal linear dynamic model
is used as an example.
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The solution of Eq. (15) is as follows:
Au(t)
Aw(1)
(1)
(1)
The longitudinal disturbance motion is composed of 4
exponential functions. C; is constant, and x; is eigenvector. A;
is the eigenvalue of matrix 4;,, whose eigenvalue may be a real
root or a complex root. When the eigenvalue is a real number,
the corresponding mode is monotonic, and the negative real
root leads to a convergent property. When the eigenvalues
are a pair of conjugate complex numbers, the corresponding

mode is periodic, and the negative real part leads to a conver-
gent property.

)”f1f = é:‘: i

A — Clxle/llt + szze;“z’ 4 C3x3e)”3’ + C4X4ei‘“ (20)
q
A0

(21)
where ¢ is the real part of eigenvalue, » the imaginary part of
eigenvalue.

2 .
thar = — In— Monotonic convergence
A

2 .
Thatf = — lng Oscillatory convergence
2 (22)
tiourle = In— Monotonic divergence

y)

2 . .
tdouble = lng Oscillatory divergence

where t,4¢ 1s the half-life time, and 74oupc the time to double

amplitude.
The relationship of frequency w and period T is as follows:
2n
T=— 2
= (23)

The convergence property of a mode depends on the real
part of its eigenvalue. Negative means convergence and posi-
tive means divergence. The larger absolute value of the real
part leads to a quicker oscillation frequency.

3. Example analysis

The full process of the stability analysis of the aforementioned
parafoil in this paper is as follows (Fig. 4). First, the state
parameters are solved on a certain steady straight flight status,
which is regarded as a benchmark status by the parafoil 4-
DOF static model. Second, the longitudinal and lateral linear
dynamic models are deduced from the 6-DOF nonlinear
dynamic model with the assumption of a small disturbance
near the steady straight flight status. Finally, the longitudinal
and lateral modal eigenvalues and characteristics are analyzed
using the well-developed theory of linear systems.

Tables 5-8 show the modal eigenvalues and the modal char-
acteristic parameters of every mode. Figs. 5 and 6 propose the
variation tendency of modal eigenvalues after the climbing
angle. The directions of the arrows display the increasing
climbing angle.

The parafoil dynamic modal characteristics include two
longitudinal modes and three lateral modes and are very sim-
ilar to those of fixed-wing airplanes. In most cases, the longitu-
dinal coefficient matrix has two pairs of conjugate complex
roots that correspond to two motion modes. One mode, which
is named longitudinal mode 1, has a shorter period and con-
verges faster, whereas the other, which is named mongitudinal
mode 2, has a longer period and converges slower. In addition,
the lateral coefficient matrix has one pair of conjugate complex
roots and two real roots. The conjugate complex roots corre-
spond to an oscillation mode which has a shorter period and
converges faster, named lateral mode 1. Two real roots mean
two monotonous modes, including one fast convergence mode
named lateral- mode 2 and one slow convergence mode named
lateral mode 3.

Longitudinal mode 2 diverges when the climbing angle
increases just like the eigenvalues going across the imaginary
axis. When the climbing angle grows, lateral mode 1 and lat-
eral mode 2 slightly change. However, the divergence critical
point of lateral mode 3 comes during the gliding to level cruis-
ing period, and the divergence speed increases with the climb-

Steady straight flight
giveny

Models and methods

JX)=0

4-DOF nonlinear
static model

Steady straight flight

X,=A,X,,

6-DOF nonlinear

Longitudinal linear
dynamic model

solve T, V, a, A

Analysis process

dynamic model

X=f(X)

Lateral linear

)(Im:A l:\X]al

dynamic model

Lateral modal
eigenvalues and
characteristics

Longitudinal modal
eigenvalues and
characteristics

Fig. 4 Process and models of stability analysis.
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Table 5 Modal characteristics of longitudinal mode 1.

Climbing  Longitudinal Period (s) Half-life time/time to
angle (°)  mode 1 double amplitude (s)
—10 —6.971 + 3.904i 1.61 0.099
-5 —7.223 £ 43041 1.46 0.096
0 —7.486 + 4.4961 1.40 0.093
5 —7.746 £ 4.4951 1.40 0.089
10 —7.991 + 4.3000 1.46 0.087
15 —8.217 + 3.8931 1.61 0.084
20 —8.432 £ 3.1961 1.97 0.082
25 —8.684 + 1.8381 3.42 0.080

Table 6 Modal characteristics of longitudinal mode 2.

Climbing Longitudinal Period Half-life time/time to
angle (°) mode 2 (s) double amplitude (s)
—10 —0.432 + 0.6851 9.17 1.61

-5 —0.385 £ 0.657i 9.57 1.80

0 —0.329 + 0.634i 9.92 2.10

5 —0.266 + 0.613i 10.26 2.61

10 —0.196 + 0.5901 10.65 3.53

15 —0.121 + 0.562i 11.17 5.75

20 —0.039 + 0.525i 11.97 17.77

25 0.047 + 0.471i 13.35 14.81

Table 7 Modal characteristics of lateral mode 1.

Climbing  Lateral mode 1 Period  Half-life time/time
angle (°) (s) to double amplitude (s)
—10 —0.699 + 4.4161  1.423 0.992

=5 —0.776 = 4.571i  1.375 0.894

0 —0.847 + 4.681i  1.342 0.818

5 —0911 + 4.7471  1.324 0.761

10 —0.964 + 47681  1.318 0.719

15 —1.004 + 4.7461  1.324 0.690

20 —1.030 + 4.6891  1.340 0.673

25 —1.040 + 4.600i  1.366 0.666

ing angle. This explains why the parafoil lateral stability
becomes worse during climbing.

In conclusion, the parafoil stability generally worsens when
the climbing angle increases, especially in the lateral direction.

4. Model discussion

4.1. Aerodynamic accuracy

A parafoil which has been tested in wind tunnel by NASA
Langley Laboratory (Fig. 7) was used to validate the aerody-
namic estimation model. The geometric parameters of valida-
tion model are as follows.

The aerodynamic estimation method of parafoil in this
paper is a combination of vortex lattice method (VLM) and
engineering estimation method (EEM). Lift and induced drag
of canopy were calculated by VLM, while other types of drag
were estimated by EEM. Computational results and wind tun-
nel data are presented in Figs. 8§ and 9.

Though the aerodynamic estimation method in this paper
contains some errors, the computational results fit experimen-
tal results well, especially at small angles of attack. The compu-
tational results can be used in dynamic simulation, even
though canopy stall cannot be simulated by this method.

4.2. Computation speed

The mixture of VLM and EEM improved the computational
efficiency of parafoil aerodynamic estimation. Computation
of 8 modal analysis results took less than 8 s on a common per-
sonal computer (CPU: Inter Core i7-4710MQ 2.5 GHz, RAM:
12 GB). Stability analysis model in this paper has an efficient
speed, which is very important in conceptual design and opti-
mization iteration.

4.3. Basis of stability analysis model
Stability analysis process in this paper is as follows (Fig. 10):

(1) Assume a parafoil which is in a steady straight flight. All
parameters can be calculated by 4-DOF static model
including relative angle of canopy and payload.

(2) Movement after small disturbance is the basement of
stability analysis. Since the disturbance is weak, the dis-
turbed motion will not cause large relative motion
between canopy and payload. Therefore whole parafoil
system was regarded as a rigid body whose motion could
be described by a 6-DOF dynamic model.

(3) With an assumption of small disturbance, a 6-DOF
dynamic model can be simplified into a linear dynamic
model which is convenient for stability analysis.

Table 8 Modal characteristics of lateral mode 2 and lateral mode 3.

Climbing angle (°) Lateral mode 2

Lateral mode 3

Half-life time/time to double amplitude (s)

Lateral mode 2 Lateral mode 3

—10 —3.410 —0.179
=39 —3.336 —0.086
0 —3.276 0.014
5 —3.231 0.120
10 —3.202 0.231
15 —3.188 0.350
20 —3.198 0.477
25 —3.230 0.616

0.2033 3.88
0.2078 8.11
0.2116 49.51
0.2145 5.80
0.2164 3.00
0.2174 1.98
0.2167 1.45

0.2146 1.12
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5. Geometric influence of parafoil stability

When the climbing angle increases, the parafoil stability will
worsen in both longitudinal and lateral directions. Lateral
mode 3, in particular, may diverge very quickly. To improve
the quality of the parafoil stability, three geometric parameters
will be changed and analyzed. These parameters include the
centroid distance of the canopy and the payload /p;p,, the
angle between the horizontal and the connection line of the
canopy and the payload centroids #, and the dihedral of the
adjacent air-rooms Afg;p.

5.1. Relative position of canopy and payload

The relative positions of the canopy and the payload are
replaced by two parameters including the centroid distance

6
X Longitudinal mode 1
R < Longitudinal mode 2
XX
3L %
X \
E of ®
By
X
31 5
X X
e
-6 . . . .
-12 -9 -6 -3 0 3
Re
Fig. 5 Root locus of longitudinal modes.
5.0
% > Lateral mode 1
{\ o Lateral mode 2
1> Lateral mode 3
251
E -
E 0 a» tpbEEE —
=25+
50 LW .
-4 -2 0 2 4
Re

Fig. 6 Root locus of lateral modes.

b=5.227 m

7.839 m

R=

Fig. 7 Parafoil model for aerodynamic validation.

- -~ - Wind tunnel
— VLM-+engineering estimation

O
0 5 10 15 20
a(®)
Fig. 8 Lift coefficients of aerodynamic validation.
0.5 T
- - -~ Wind tunnel
o4l T VLM-+engineering estimation |
03r b
DQ

Fig. 9 Drag coefficients of aerodynamic validation.
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Fig. 10  Stability analysis process.

of the canopy and the payload /510, and the angle between
the horizontal and the connection line of the canopy and pay-
load centroids 7.

Fig. 11 shows that [y, has little influence on longitudinal
mode 1 and lateral mode 1 but has a significant effect on lon-
gitudinal mode 2 and lateral mode 2. When /0, decreases,
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the eigenvalues of longitudinal mode 2 will degenerate into two
real roots and one of them may be positive. The decreasing of
lp102 leads to a lower convergence rate of lateral mode 2.
Although /0> has little influence on lateral mode 3 on a small
climbing angle, its reduction results in a faster divergence rate
of lateral mode 3 on a large climbing angle. In other words,
moderately increasing /o0, is good for the parafoil stability.
From Fig. 12, though 5 has a significant influence on longi-
tudinal mode 1 and lateral mode 1, it cannot change the
modes’ convergence properties completely. Although 7 has lit-
tle effect on lateral mode 2, # has a complex influence on lon-
gitudinal mode 2. If 5 decreases, the divergence rate of
longitudinal mode 2 will first slow down, and then its eigenval-
ues will degenerate into real roots. Although # has little influ-

ence on lateral mode 3 on a large climbing angle, its reduction
results in a slower divergence rate of lateral mode 3 on a small
climbing angle. In other words, moderately decreasing # is
good for parafoil stability.

5.2. Dihedral angle of canopy

It can be observed from Fig. 13 that Afg;, has little influence
on the longitudinal modes, but it has significant effects on
the lateral modes. A large canopy dihedral angle leads to not
only a more stable lateral mode 1 and lateral mode 3 but also
a slower convergence rate of lateral mode 2. With a small dis-
turbance of A4, it is difficult to change the convergence
properties of longitudinal mode 1 and longitudinal mode 2.

6 2
=15 2 n % n=75°
3L oen=78° < & p"bmﬁb b @, o n=18°
sp=81° L o & %';?, o y=81°
E of £ of Hwoo
x ©° B W“‘;
=3F x o -1t o
»&M;f,,iiwf
-6 1 ! 1 ! L !
-15 -2 -9 -6 -3 -2 -1 0 1 2
Re Re
(a) Longitudinal mode 1 (b) Longitudinal mode 2
6 — 0.6 0.4
2 =TS0 FT g x p=75° x n=75°
n=78° v 04l °uT8° 0.3F - 5=78°
3r - =81° T e p=81° »p=81°
02F
E Of E 02} E
0.1F
31 or b DIBOCEIOHK OF  opobohopoxbo X B b
Gupoo@Epb e
-6 L oo L 02 L L L -0 L L L L " L
-25-20 -15 -1.0 =05 0 -45 -40 -35 -30 -25 45.4 -02 0 02 04 06 08 1.0
Re Re Re

(c) Lateral mode 1

Fig. 12

(d) Lateral mode 2

(e) Lateral mode 3

Root locus with different #.



Research on parafoil stability 1679
6 2
% Aﬂdd\ 3 ;bg’% 'Aﬂdxh 3°
3F Aﬂmh 5° "op 1 Aﬂdxh 5°
> AT xo e PAB,=TC
E of X E o0
o, s
-3r X)?L\ -1
>
-6 L 1 1 1 1 L
-15 -12 -9 -6 -3 -2 -1 0 1 2
Re Re
(a) Longitudinal mode 1 (b) Longitudinal mode 2
6 0.6 0.4
« BB T30 Bt « OB, =3° DB, =3°
3f ©AB,=5° 04} =48B,=5° 031 o AB,=5°
—"70 —~70 s o
0B, =T AR, =T 02" BT
E of E 02} E
0.1F
3t 3 0F IR, Lo b b OF  papoPoCOROKbN KK X
B b (OIS
-6 1 1 L 1 _02 L 1 1 70}) 1 1 1 L 1 1
-25-20 -15 -10 -05 0 -45 -40 -35 -30 -25 -04-02 0 02 04 06 0.8 1.0
Re Re Re

(c) Lateral mode 1

(d) Lateral mode 2

(e) Lateral mode 3

Fig. 13 Root locus with different Af ;.

In other words, increasing Afg;, is good for most of the lateral
modes, especially when the divergence problem of lateral mode
3 is solved.

6. Conclusions

Parafoil motion modes are very similar to those of conven-
tional fixed wing airplanes, including two longitudinal modes
and three lateral modes. Not only longitudinal stability but
also lateral stability will worsen when the climbing angle
increases, and will be optimized when the geometrical param-
eters change. Increasing the distance between the canopy cen-
troid and the payload centroid, decreasing the angle between
the canopy-payload centroid connection line and the horizon-
tal line, or increasing the canopy dihedral angle is good for
parafoil stability.

With the 4-DOF longitudinal static model, the parafoil
steady motion state was solved in this paper considering the
relative motion of the canopy and the payload. Then, a 6-
DOF linear dynamic model was established to analyze the
modal composition, modal characteristics and motion stabil-
ity. The dynamic model and solving process not only lead to
conclusions which support the phenomenon that decreased
stability occurs in flight climbing, but also propose a rapid sta-
bility estimate method that can be used in parafoil dynamic
characteristic analysis and parafoil design.
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